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ABSTRACT

Bismuth telluride and antimony telluride alloys are the most widely studied and
used thermoelectric materials because they have higher thermoelectric performances
than other materials at room temperature. Currently, the low-dimensional
thermoelectric materials win the attention of many researchers.

Thin films of n-type Bi 2 Te 3 were fabricated on glass substrates at room
temperature using pulsed laser deposition. Samples were characterized by using
X-ray diffraction, scanning electron microscopy, Raman spectroscopy, and a physical
properties measurement system. The XRD and Raman results show that crystalline
films can be easily achieved at room temperature, and all films have a preferred
crystal growth texture along the (015) direction. SEM indicates that the films are
high-quality and smooth. The Seebeck coefficient, electrical resistivity, and
magnetoresistance were measured over wide ranges of temperature and magnetic
field. It was found that Seebeck coefficient of the films were significant enhanced
after annealing process.

Bi 0.5 Sb 1.5 Te 3 thin films were deposited on glass substrates by pulsed laser
deposition method at room temperature. Annealing effect on properties of the films
was studied by structural, morphology and physical characterizations. It was found
that the as-grown amorphous film crystallizes at annealing temperature of 473 K. A

v

semiconductor-metal transition was observed in annealed films. A linear
magnetoresistance (MR) was investigated in the annealed films in a magnetic field
up to 13 T without saturation at low temperature.

Bi 2 Te 3 thin films were prepared by pulsed laser deposition on PVC, Si(111) and
LaAlO 3 (100) substrates at room temperature. All the samples are single phase. The
films on LaAlO 3 (100) substrates possess better crystallization than those on Si(111).
The surface of as-grown films on PVC substrate is rough, others are smooth. The
resistivity of the film on Si(111) substrate is much larger than the resistivity of the
films on other substrates. The resistivity of the thin films decreases gradually when
the annealing temperature increases from room temperature to 523 K. Negative
values of thermopower are obtained in the films on Si(111) substrate.
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Chapter 1:

Introduction & Literature review

1.1 Background

Energy harvesting and generation attracts intensive attention and great research
interest, not only due to the limited and scarce traditional energy resources, such as
fossil fuels, but also because it offers permanent and low-cost energy supplies
serving inaccessible devices, for instance, electronic transducers implanted in living
organs and pico-satellites. The thermoelectric (TE) conversion technique based on
thermoelectric materials (most of them are semiconductors), which converts
high-temperature-energy wastes into useful electric energy, has been widely
investigated. The thermoelectric effect is the direct conversion of a temperature
difference to electric voltage or vice versa. It consists of three effects, which are
Seebeck effect, Peltier effect and Thomson effect. These three effects are not
mutually independent but intrinsic link via Kelvin relationship.

1.2 Thermoelectric effects

1

(a)

(b)

Figure 1.1 Schematic diagrams of (a) the Seebeck effect and (b) the Peltier effect.

The Seebeck effect is a phenomenon where an electromotive force (EMF) and
consequently, an electric current is produced in a loop consisting of dissimilar
conductors with the junctions maintained at different temperatures. This effect was
discovered by Seebeck in 1821. Figure 1.1(a) is a schematic diagram of the Seebeck
effect in a loop with two different conductors. As different temperatures T1 and T0
are applied on the two junctions of conductors A and B, an electric voltage (V)
difference is generated over the whole loop, which can be detected at positions C and
D. As a result, a thermoelectric EMF is induced across the ends of C and D. The
thermoelectric EMF has a linear dependence on the temperature gradient that can be
defined as:
dV = αAB dT

(1.1)

in which V is the electric voltage, α AB is the relative Seebeck coefficient between A
and B, and T is the temperature. Eq. (1.1) indicates that the Seebeck coefficient
depends on the characteristics of materials A and B, regardless of the temperature
gradient and its direction.

Later on, another thermoelectric effect, called the Peltier effect, was observed by
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Peltier in 1834. The Peltier effect is a phenomenon where a heat gradient is induced
by given electric current in a loop with a similar configuration to that of Seebeck
effect, as shown in Figure 1.1(b). When a current is applied through the whole loop,
different temperatures can be measured at the two junctions 1 and 2, which is a result
of the heat gradient in the whole loop. Heat is released from one junction and
absorbed in the other, which depends on the direction of the EMF. Reversing the
current direction will change the direction of heat transfer and hence heat absorption
or release. In Figure 1.1(b), the absorption of heat at junction 1 when current flows
from A to B can be expressed as:
dQ p ∝ Idt = πAB Idt = πAB q

(1.2)

in which Q p is heat, I is current intensity, t is time, π AB is the Peltier coefficient, and
q is transmission of charge. This indicates that the electric current, material
characteristics and temperature gradient have impacts on the Peltier effect.

In 1854, Thomson predicted a reversible thermal effect (the Thomson effect) in a
conductor, in which an applied current and an applied temperature gradient results in
heat absorption or release. The heat generated by the Thomson effect is called the
Thomson heat. It was found that the Thomson heat is proportional to the current and
the time, and can be expressed as:
dQ T = τIdt dT�dx

(1.3)

in which Q T is the Thomson heat, τ is the Thomson coefficient, I is the current
intensity, t is time, and dT/dx is the temperature gradient along the conductor. The
Thomson coefficient is uniquely different from the other two main thermoelectric
coefficients (Seebeck and Peltier coefficients). The Seebeck and Peltier coefficients
are determined by measurements on paired materials; however, the Thomson
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coefficient is the only thermoelectric coefficient directly measurable for an individual
material. Therefore, unlike the Thomson efficient, the Seebeck and Peltier
coefficients cannot be determined by a direct measurement on an individual material.

As mentioned before, these three thermoelectric coefficients can be linked by the
Kelvin equations:
αAB = πAB ⁄T

dαAB �
τA − τB
�T
dT =

(1.4)
(1.5)

in which α AB is the relative Seebeck coefficient, π AB is the Peltier coefficient, τ is the
Thomson coefficient, and T is temperature. Therefore, people often use the Seebeck
coefficient, referred to as the thermal EMF, thermoelectric power, or thermopower,
instead of the Peltier and Thomson coefficients. It should be noted that the symbol, α,
has been used for Seebeck coefficient, but S is now more widely accepted by the
scientific community. In the following parts, the Seebeck coefficient is represented
by S.

1.3 Thermoelectric properties

1.3.1

Figure of Merit

The efficiency of materials for thermoelectric (TE) application can be determined
by the material’s dimensionless figure of merit (ZT) [1], which is defined as:

ZT =

S 2 σT
λ

(1.6)

in which S is the seebeck coefficient, σ is the electric conductivity, T is temperature,
and λ is the thermal conductivity. A good candidate thermoelectric material should
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have low electric resistivity, low thermal conductivity, and a large Seebeck
coefficient.

1.3.2

Seebeck coefficient (S)

The Seebeck coefficient (thermopower) of a material is a measure of the
magnitude of the induced thermoelectric voltage in response to a temperature
difference across that material. A good thermoelectric material should exhibit an
absolute value of S in the range of hundreds of μV/K, which is given by:

S=

8π2 k 2B
3eh 2

π

2/3

m∗ T � �

S∝

m∗

3n

(1.7)

(1.8)

n 2/3

in which k B is Boltzmann’s constant, e is the electron charge, h is Planck’s constant,
m* is effective mass, T is temperature, and n is carrier concentration.

According to relation (1.8), large effective mass and low carrier concentration are
required to maximize the thermopower. For the charge carriers, large effective mass
can result in high thermopower but low electrical conductivity. Therefore, high
Seebeck coefficients are always found in semiconductors.

Based on the band model for thermoelectric n-type and p-type semiconductors:
S=±

kB
q

5

��2 + ξ� + ln

3�
2

2�2πm ∗p (n ) k B T�
h 3 p(n)

�

(1.9)

in which q is electronic charge, ξ is scattering factor, p(n) is carrier concentration. It
also can be expressed as:

5

S=±

k0
σ

3

p(n)μp(n) � + ln
2

3�
2

2�2πm ∗p (n ) k 0 T�
h 3 p(n)

�

(1.10)

Therefore, the Seebeck coefficient, electrical conductivity, carrier concentration
and carrier mobility in semiconductors are interrelated.

1.3.3

Electrical conductivity (σ)

Electrical conductivity (σ) is another factor which can influence the value of ZT
in thermoelectric materials. σ is a measure of a material’s ability to conduct an
electric current. Conductivity has the SI units of siemens per metre (S·m-1).
1⁄ρ = σ = n𝑒𝑒μ

(1.11)

in which ρ is electric resistivity, σ is electrical conductivity, n is carrier concentration,
e is the electron charge, and μ is the carrier mobility.

Figure 1.2 Carrier concentration dependence of thermoelectric properties for
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semiconductor [1].

According to eq. (1.6), high thermoelectric performance requires a high Seebeck
coefficient and large electrical conductivity, which depends on carrier concentration.

In general, the electrical conductivity of thermoelectric materials, e.g.
semiconductors, is proportional to the carrier concentration. However, the Seebeck
coefficient decreases with increasing carrier concentration, which has been discussed
previously. It is worthwhile to note that that figure of merit is proportional to the
power factor (S2σ), as shown in Figure 1.2. As is indicated in the power factor vs.
carrier concentration curve, S2σ has a maximum value at a carrier concentration of
~3×1020 cm-3.

1.3.4

Thermal conductivity (λ)

Thermal conductivity (λ) is the property of a material that indicates its ability to
conduct heat. Thermal conductivity is measured in SI units of Wm-1k-1.
Thermal conductivity in thermoelectrics mainly comes from (1) electrons and
holes transporting heat (λ e ) and (2) phonons travelling through the lattice (λ l ). λ e and
σ are directly related through the Wiedemann-Franz law:
λe = LσT

(1.12)

where λ e is electrical thermal conductivity, L is the Lorenz factor, 2.4×10-8 J2K-2C-2
for free electrons, σ is electrical conductivity, and T is temperature.

Electrical thermal conductivity is sensitive to carrier concentration and carrier
mobility. As carrier concentration increases, the electrical thermal conductivity
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increases linearly. However, carrier mobility has less influence on electrical thermal
conductivity and can be neglected. Due to a small proportion of total thermal
conductivity generated by electrical thermal conductivity, the impact of λ e can be
neglected at low temperature.

Lattice thermal conductivity is mainly related to the crystal structure, defects and
grain boundaries, etc. Three strategies could be utilized to reduce lattice thermal
conductivity: (1) scattering phonons within the unit cell by creating rattling structures
or point defects such as interstitials or vacancies, or by alloying; (2) using complex
crystal structures to separate the electron-crystal from the phonon-glass; (3)
scattering phonons at interfaces. Therefore, good thermoelectrics are crystalline
materials that manage to scatter phonons without significantly disrupting the
electrical conductivity.

1.4 Applications of thermoelectric effects

Figure 1.3 Thermoelectric switching devices: (a) refrigerator, (b) generator [2].

8

Thermoelectricity in general is of strong scientific and technological interest due
to its application possibilities, ranging from clean energy to photon sensing devices.
Recent developments in theoretical studies on the thermoelectric effects, as well as
the newly discovered thermoelectric materials, provide new opportunities for wide
applications. It is expected that the thermoelectric materials studied in this thesis will
be useful for a variety of applications such as waste heat recovery, solar energy
conversion, and environmentally friendly refrigeration.

Generally, thermoelectric devices contain many thermoelectric couples consisting
of n-type (electrons as charge carriers) and p-type (holes as charge carriers)
thermoelectric materials wired electrically in series and thermally in parallel. The top
electrode, which connects the n-type and p-type thermoelectric materials, is usually
called the thermoelectric bond. When a temperature gradient is applied on the
thermoelectric device, the mobile charge carriers diffuse along the gradient direction
and result in an electric current (can be applied in refrigeration), or vice versa (can be
applied in generators).

1.4.1 Thermoelectric refrigeration

Figure 1.3(a) shows the working principle of a thermoelectric refrigeration device.
When a voltage applied on the bottom electrode, as shown in the figure, the free

9

charge carriers (free electrons for n-type and free holes for p-type) flow from the
thermoelectric bond to the bottom electrode. As a result, a temperature gradient will
be generated due to the diffusion of charge carriers that bring heat from one side to
the other. The thermoelectric bond therefore becomes the cool side which can be
employed in refrigeration.

A theoretical analysis of single-barrier thermionic emission cooling in
semiconducting materials was performed using Fermi-Dirac statistics by Ulrich et al.
[3]. Both maximum cooling and the coefficient of performance are evaluated. It is
shown that the performance of a thermionic refrigerator is governed by the same
materials factor as thermoelectric devices. For all known materials, single-barrier
thermionic refrigeration is less effective and less efficient than thermoelectric
refrigeration.

Pettes et al. [4] studied the optimized pellet geometry for thermoelectric
refrigerators with the target of either maximum performance or efficiency for an
arbitrary value of thermal boundary resistance for varying values of the temperature
difference across the unit, the pellet Seebeck coefficient, and the contact resistances.
The model predicts that when the thermal contact conductance is decreased by a
factor of ten, the peak heat removal capability is reduced by at least 10%.
Furthermore, when the interconnect electrical resistance rises above a factor of ten
larger than the pellet electrical resistance, the maximum heat removal capability for a
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given pellet height is reduced by at least 20%.

The cycle models of a two-stage semiconductor thermoelectric refrigeration
system were established by Chen et al. [5], based on non-equilibrium
thermodynamics. The results the authors obtained are compared with those of a
single-stage thermoelectric refrigeration system, and consequently, the advantages of
two-stage thermoelectric refrigerators are expounded.

1.4.2 Power generator

Figure 1.3(b) is the mechanism for a thermoelectric generator. When a
temperature gradient is applied to the device, the charge carriers diffuse from the hot
side to the cold side, resulting in a electric voltage or current in the device. In order
to improve the conversion efficiency of the thermoelectric device, it is composed of
many p-n junctions in series.

Matsubara et al. [6] reported an oxide thermoelectric generator fabricated using
Gd-doped Ca 3 Co 4 O 9 p-type legs and La-doped CaMnO 3 n-type legs on a fin. The
power factors of the p legs and n legs were 4.8×10-4 Wm-1K-2 and 2.2×10-4 Wm-1K-2
at 700 ◦C in air, respectively. With eight p-n couples the device generated an output
power of 63.5 mW under the thermal condition of hot side temperature T h = 773 ◦C
and a temperature difference ΔT=390 ◦C. This device proved to be operable for more
than two weeks in air, showing high durability.
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Madan et al. [7] utilized n-type Bi 2 Te 3 and p-type Sb 2 Te 3 thermoelectric
materials to achieve properties suitable for use in low-cost, high aspect ratio,
microscale thermoelectric generators. Figure of merit (ZT) values for n-type
Bi 2 Te 3 -epoxy and p-type Sb 2 Te 3 -epoxy composites were 0.16 and 0.41, respectively,
which are much higher than previously reported ZT values for composite
thermoelectric materials.
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1.5 Literature review of Bi 2 Te 3 and Sb 2 Te 3 compound

According to the formulae ZT = (S2σ/λ) T, the materials suitable for
thermoelectric application with good thermoelectric performance meet the following
selection criteria: 1) the materials should have high electric conductivity; 2) low
thermal conductivity; and 3) high thermal power or Seebeck coefficient.

Metals are good electrical conductors with high charge concentrations.
Thermocouples based on the thermoelectric effects in metals are made of two metals.
However, metals also have high thermal conductivity, which causes a low figure of
merit, ZT. Therefore, metals cannot be used for power generation and refrigeration.
Most insulators have low thermal conductivity (except for SiC, diamonds, etc.), but
they do not conduct electricity at all. Therefore, semiconductors should be good
thermoelectric material. Semiconductors have lower thermal conductivity than
metals, although they also have lower electric conductivity than metals.

Thermal power is inversely proportional to the charge concentration (according
to relation (1.8)). Semiconductors have less charge concentration than metals.
Semiconductors have large thermal power compared to metals. Maximizing electric
conductivity and minimizing thermal conductivity in semiconductors can achieve the
maximum figure of merit. Therefore, all the thermoelectric materials with good
thermoelectric properties that have been discovered and widely studied so far are
based on semiconductors. They can be divided into several groups: tellurium-based,
antimony-based, and silicon-based semiconductor compounds. Tellurium-based
compounds are useful for low and room temperature applications, while antimony
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and silicon-based compounds are used at higher temperature.

(a)

(b)

Figure 1.4 ZT of state of the art commercial materials and those used or being
developed by the National Aeronautics and Space Administration (NASA) for
thermoelectric power generation: (a) p-type and (b) n-type. Most of these materials
are complex alloys with dopants; approximate compositions are shown [1].

Figure 1.5 Crystal structure of bismuth telluride.
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Bi 2 Te 3 crystallizes in the space group D35d ( R3m) with a rhombohedral structure,
in which atoms are in the sequence of Te(1)-Bi-Te(2)-Bi-Te(1) along the trigonal
axis, as shown in Figure 1.5. A van der Waals gap lies between the Te(1) atomic
planes of neighboring atoms. The hexagonal conventional cell parameters are a =
4.369 Å and c = 30.42 Å. The corresponding rhombohedral unit-cell parameters are
a R = 10.45 Å, θ R = 24.13˚, with Te(1) and Bi atoms sitting at (±u, ±u, ±u) and (±v, ±v,
±v), where u = 0.399, v = 0.792, respectively.

Bismuth telluride is a narrow gap layered semiconductor with band gap of 0.15
eV. The valence and conduction band structure can be described as a
many-ellipsoidal model with 6 constant-energy ellipsoids that are centered on the
reflection planes [8].
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1.5.1 Thin films

In 1993, Hicks and Dresselhaus [9] theoretically predicted that ZT can be
increased to 4-8 by using nanoscale superlattice structures, which could be achieved
in Bi 2 Te 3 /Sb 2 Te 3 thin film. This prediction was verified by Venkatasubramanian et al.
[10] in later work, in which ZT of p-type and n-type Bi 2 Te 3 /Sb 2 Te 3 superlattice
structures was observed to be 2.4 and 1.2, respectively. The main reasons for the
enhanced thermoelectric performance in low dimension Bi 2 Te 3 structures are: (1)
increased density of states (DOS) near the Fermi level of the material, leading to an
enhancement of the Seebeck coefficient; (2) increased carrier mobility by modulating
the doping effect because of quantum constraint [11]; (3) ability to use anisotropy of
the multi-energy valley semiconductor Fermi surface [12]; and (4) increased phonon
interface scattering with less scattering electrons, which results in decreased thermal
conductivity [13]. Several techniques have been used to fabricate bismuth telluride
based thin films in order to improve its TE effect. They include co-evaporation, metal
organic chemical vapour deposition (MOCVD) [14],[15],[16],[17], pulsed laser
deposition (PLD), electrochemical deposition [18],[19],[20], electrochemical atomic
layer epitaxy (ECALE), molecular beam epitaxy (MBE) [21],[22],[23],[24],
magnetron sputtering (MS), co-sputtering, the close spaced vapour transport
technique [25],[26], flash evaporation, mechanical exfoliation [27],[28],etc.

1.5.1.1 Thin films prepared by pulsed laser deposition and their properties
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Pulsed laser deposition (PLD) is a thin film deposition technique, where a high
power pulsed laser beam is focused on a target of the material that is to be deposited.
This material is vaporized from the target, forming plasma, and then deposited on the
substrate, forming a thin film of target materials. This process can occur in ultra-high
vacuum or in the presence of a background gas, such as oxygen, which is commonly
used when depositing oxides to fully oxygenate the deposited films.

Figure 1.6 Schematic view of the laser beam-plume interaction, explaining the
differences in stoichiometry obtained on large-scale substrates (right-hand side, good
stoichiometry; left-hand side, bad stoichiometry). The centre of the substrate
coincides with the centre of the target [29].

Dauscher et al. [29] presented the first attempts to deposit bismuth telluride films
by pulsed laser deposition. It was found that for different compositions of the film on
50 × 50 mm2 glass substrate, the atomic content of Bi at different positions was about
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37% to 60% from one side of the substrate to the other. A laser beam-plume
interaction (Figure 1.6) may generate depletion in Te in some films during
elaboration of films on large scale substrates. However, the correct stoichiometry in
the film can be easily fabricated on several cm2 glass substrates at room temperature.

Makala

et

al.

[30]

reported

the

fabrication

of

the

n-type

(Bi 2 Te 3 ) 90 (Sb 2 Te 3 ) 5 (Sb 2 Se 3 ) 5 doped with 0.13 wt% SbI 3 film. The film showed a
Seebeck value of -154 μV/K, while a value of 142 μV/K was found in the p-type
Bi 0.5 Sb 1.5 Te 3 film, both deposited on AlN/Si substrate at 350 ◦C. The films showed
uniform thickness and high crystalline quality, with a preferred (00n) orientation.
AlN/Si substrates provided better quality films compared to substrates of mica.

Zeipl et al. [31] reported that 60 nm thicknesses Bi 2 Te 3 thin films were
fabricated by pulsed laser deposition using laser energy densities from 2 to 10 Jcm-2
and a wide range of substrate temperatures from 20 to 500 ◦C. However, their layers
appear very far from stoichiometry. By using low energy density at the spot on the
target and holding the substrate at room temperature during deposition, it was
possible to obtain layers quite close to stoichiometric layers.
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Figure 1.7 The Harman method of ZT measurement: (a) Schematic diagram of our
device and a scanning electron microscope (SEM) micrograph of the distance
between the Ti electrodes. (b) Determination of ohmic V R and Peltier V 0 voltages
across the device. (c) Measured dependence of V R and V 0 on current I across the
device for ZT = V R /V 0 = 2.56 [32].

Walachiova, Zeipl, Pavelka, and their group [32],[33],[34] published several
papers about the high room-temperature figure of merit and power factor of Bi 2 Te 3
thin layers of different thickness. The best obtained ZT measured by the Harman
method (Figure 1.7) was equal to 2.56, because the thermal conductivity of the thin
film is very much lower. It was indicated that the thermal conductivity was equal to
0.031 WK-1m-1, which can be explained by the existence of the quantum size effect.
The variation of the thin films’ thermal properties with their thickness is a periodic
oscillation.
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Figure 1.8 SEM image of film deposited at T = 350 ◦C from 40 at.% Bi target, on
mica substrate, at 10 Pa Ar [35].

Bailini and Russo et al. [35],[36] prepared textured Bi 2 Te 3 thin films on Si and
mica substrates. The morphology, crystallinity, and Raman spectra have been studied.
The film morphology and crystallinity can be controlled by substrate temperature and
deposition gas pressure. It was found that highly oriented phase can be obtained on
mica substrate (Figure 1.8) due to van der Waals epitaxy.

Higomo et al. [37] fabricated the thermoelectric devices by using c-axis oriented
Bi 2 Te 3 and Bi 0.3 Sb 1.7 Te 3 films deposited by PLD on glass substrate in argon
atmosphere. The highest estimated power factor was 3.18 mWK-2m-1. The maximum
output voltage of electric power generation devices is about 0.8 V.
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Figure 1.9 X-ray diffraction patterns of Bi 2 Te 3 thin films annealed at different
temperatures for 120 min [38].

Annealing effects on bismuth telluride thin films prepared by the PLD method
were studied by Faraji et al. [38]. The range of annealing temperatures was
200-400 ◦C. Most parts of the thin films showed a crystal growth texture in the (006)
direction when the annealing temperature was above 300 ◦C (Figure 1.9). There is a
significant reduction in resistivity at low annealing temperature in the room
temperature (RT)−300 ◦C range due to these morphological and structural changes.
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Figure 1.10 Power factor of Bi-Te films with different compositions (20 at.%, 40
at.%, 50 at.%, 57 at.% Bi) [39].
Bassi et al. [39] reported that Bi-Te thin films were deposited by pulsed laser
deposition (PLD) on silicon substrates. Layered structure Bi 2 Te 3 shows the best
thermoelectric performance. The Seebeck coefficient, power factor, and ZT were
observed as -175 − -250 μV/K, 20− 45 μWK-2cm-1, and 1.5, respectively. A smaller
power factor of ~10 μWK-2cm-1 was achieved for partially randomly textured
submicron crystals in which the grain boundaries led to a large decrease in the
phonon thermal conductivity (Figure 1.10).

Abdel Aziz et al. [40] reported n-type and p-type bismuth telluride thin films
grown by PLD for application in microelectromechanical system (MEMS)
thermoelectric energy harvesters. The highest thermoelectric ZT of 0.39 was
observed for the p-type Bi 32 Te 68 alloy. The optimal n-type alloy was Bi 25 Te 75 , which
was characterized by a relatively low stress gradient.
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Virt et al. [41] fabricated Bi 2 Te 3 and Sb 2 Te 3 films on single crystal substrates of
Al 2 O 3 (0001), BaF 2 (111), and fresh cleavages of KCl or NaCl (001) at 453-523 K.
Temperature dependence of resistivity was reported for the Bi 2 Te 3 films, and the
band structure of the Bi 2 Te 3 films with different thickness was calculated.

1.5.1.2 Thin films prepared by sputter deposition and their properties

Figure 1.11 Schematic diagram of sputtering deposition.

Sputter deposition is a physical vapour deposition (PVD) method of depositing
thin films by sputtering. In the process, the atoms sputtered from the target material
due to ion or atom bombardment are deposit on the substrate, forming a thin film.
Sputtered atoms ejected from the target have a wide energy distribution, typically up
to tens of eV (100000 K). The sputtered ions (with typically only a small fraction —
on the order of 1% — of the ejected particles being ionized) can ballistically fly from
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the target in straight lines and impact energetically on the substrate or vacuum
chamber (causing resputtering). Gas environments could be applied during the
deposition process (Figure 1.11).

In previous work, Bi-Sb-Te-Se films were grown on glass substrates by argon ion
beam sputtering [42]. A stoichiometric composition can be achieved at a substrate
temperature of around 500 K, and the highest Seebeck coefficient and the lowest
resistivity have been observed at this temperature. The Seebeck coefficient changes
its sign at a substrate temperature of around 340 K. The power factor of the
stoichiometric thin films was improved effectively by the heat treatment.

Bourgault et al. [43] reported that n-type and p-type thermoelectric thin films
were deposited by direct current magnetron sputtering from n-type Bi 2 Te 2.7 Se 0.3 and
p-type Bi 0.5 Sb 1.5 Te 3 targets onto glass and Al 2 O 3 substrates. It was found that the
composition of the sputtered thin films was close to the sputtering target
stoichiometry for the tested deposition conditions. The highest power factors are 1.2
mWK-2m-1 for n-type film (annealing at 250°C) and 1.0 mWK-2m-1 for p-type film
(annealing at 300°C).

Liou and Liao [44] reported that Bi-Sb-Te and Bi-Se-Te thin films were grown by
radio frequency (RF) magnetron sputtering on Si wafers at room temperature.
Electric-current assisted heat treatment was found to lead to reduction of crystal
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lattice defects and enhancement of thermoelectric properties in both Bi–Sb–Te and
Bi–Se–Te nanocrystalline thin films.

Figure 1.12 Electrical transport properties and power factors for as-deposited and
annealed Bi-Te films. (a) Carrier concentration and electron mobility, (b) resistivity,
and (c) power factor [45].

Bi-Te films with a composition of around 61 at.% Te and a thickness of 300 nm
were deposited onto SiO 2 -coated Si substrates by using bismuth and tellurium targets
in an RF magnetron sputtering system [45]. The electron mobility and Seebeck
coefficient increased significantly (as shown in Figure 1.12), leading to a remarkable
improvement in the power factor from 3.3 μWK-2cm-1 for the as-deposited sample to
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24.1 μWK-2cm-1 for the 200 ◦C annealed samples.

Table 1.1 Summary of the EDS analysis, electrical properties, and thermoelectric
properties of the Bi-Te films, where n/p is the carrier density, μ is the carrier mobility,
ρ is the resistivity, α is the Seebeck coefficient, and α2/ρ is the power factor [46].

Lee et al. [46] reported a series of Bi-Te thin films fabricated by RF-magnetron
co-sputtering on a single wafer. 38% to 81% Te content in the Bi-Te films was
obtained at room temperature. The Seebeck coefficients of the Bi-Te thin films
extended from -10 to 153 μV/K. The maximum power factor of the films was
3.7×10-4 WK-2m-1 without post annealing (Table 1.1).

1.5.1.3 Thin films prepared by evaporation deposition and their properties
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Figure 1.13 Schematic diagram of flash evaporation reactor [47].

Evaporation is a common method of thin film deposition. The source material is
evaporated in a vacuum. The vacuum allows vapor particles to travel directly to the
target object (substrate), where they condense back to a solid state (Figure 1.13).

It

was

reported

that

n-type

(Bi 2 Te 3 ) 0.9 (Bi 2 Se 3 ) 0.1

and

p-type

(Bi 2 Te 3 ) 0.25 (Sb 2 Te 3 ) 0.75 thin films were prepared on polyimide substrate by a flash
evaporation technique [48]. The thermoelectric figure of merit, Z = ZT/T, Seebeck
coefficient, and resistivity for n-type and p-type material at 300 K before annealing
were Z = 0.21 × 10-4 K-1, α = 40 mV/K, ρ = 50 μΩm; and Z = 0.17 × 10-3 K-1, α = 90
mV/K, ρ = 30 μΩm, respectively. The Z value, thermopower, and resistivity for
n-type and p-type material after annealing at 250 ◦C under He atmosphere were 3.2 ×
10-3 K-1, 240 mVK-1, 12 μΩm; and 1.6 × 10-3 K-1, 200 mV/K, 15 μΩm, respectively.
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Thin films of Bi 2 (Te 0.1 Se 0.9 ) 3 were fabricated by the flash evaporation technique.
The sign of the thermoelectric power indicates that the films were n-type [49]. The
thickness dependence of the activation energy value is attributed to the grain
boundary potential variation with the grain size of the films. The activation energy
obtained through resistivity and thermoelectric power data indicates that electrical
conduction in the films takes place in the conduction band.

K.-W. Cho and I.-H. Kim [50] reported that n-type Bi 2 Te 2.4 Se 0.6 thin films were
grown on glass substrate by flash evaporation. It was found that there was a linear
relationship between the Seebeck coefficient, the electrical resistivity and the
reciprocal of the film thickness, while the mean free path was 5120 Å. The Seebeck
coefficient was raised and the electrical conductivity reduced because electron
mobility is increased by heat treatment, while electron concentration decreased
sharply due to loss of anti-site defects. When the samples were annealed at 473 K for
1 h, their thermopower and electrical conductivity were equal to -200 μV/K and 510
Ω-1cm-1, respectively. The thermoelectric power factor was enhanced to 20
μWK-2cm-1.

Ganesan et al. [51] reported that polycrystalline (Bi 0.5 Sb 0.5 ) 2 Te 3 thin films were
grown by flash evaporation. The conduction activation energy was found to be
thickness dependent, which can be explained by the Slater model. The hypothetical
bulk is a semiconductor with a band gap of 0.16 eV.
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Ag-doped Bi 2 (Te 0.95 Se 0.05 ) 3 thermoelectric thin films (Ag: 0-0.5 wt%) with
thickness of 800 nm were deposited on glass substrates by the flash evaporation
method at 473 K [52]. The thermoelectric power factor was enhanced to 16.1
μWK-2cm-1at 0.2 wt% Ag doping. The Seebeck coefficients are positive when the Ag
doping concentration is in the range of 0.25 to 0.5 wt%, and the thin films show
p-type conduction.

Figure 1.14 XRD patterns of the bismuth antimony telluride thin films annealed for 0
min (as-deposited) (#1), 30 min (#2), and 60 min (#3) [53].

In Takashiri’s work [47], p-type fine-grained Bi 0.4 Sb 1.6 Te 3 films with a preferred
orientation along the c-axis direction were deposited by the flash evaporation method.
The results revealed that the grain growth and the crystallization along the c-axis are
enhanced as the annealing temperature increases. The p-type Bi 0.4 Sb 1.6 Te 3 thin films
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annealed at 300 ◦C exhibit the highest thermoelectric power factor of 34.9
μWK−2cm−1 at the average grain size of 88 nm. They also reported that the
crystallinity and texture of crystals were improved with increasing annealing time
[53]. At an annealing time of 60 min, the thin film was composed of fine crystal
grains with an average grain size of 150 nm, with high crystallinity and crystal
orientation along the c-axis with a diffracted intensity ratio, ∑[00l]/∑[hkl], of 0.99,
which indicated an almost perfect orientation (Figure 1.14). The atomic composition
of the thin film was essentially stoichiometric. The in-plane power factor of the thin
film annealed for 60 min reached 35.6 μWK−2cm−1. The cross-plane thermal
conductivity measured by the 3ω method was determined to be 0.56 WK-1m-1. The
thermal conductivity of the thin film was 20% smaller than that of the corresponding
single crystal bulk alloy, owing to enhanced phonon scattering by the nanocrystalline
structure. They determined ZT to be 1.0 at 300 K.
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Figure 1.15 Surface FESEM micrographs of (a) as-deposited Bi 2 Te 2.7 Se 0.3 thin film
and (b), (c), (d), (e) and (f) thin films annealed at 373 K, 423 K, 523 K, and 573 K,
respectively, for 1 h [54].

n-type Bi 2 Te 2.7 Se 0.3 thin films were also fabricated on glass substrates by the
flash evaporation method at 473 K [54]. The thickness was 800 nm. Figure 1.15
presents field emission scanning electron microscope (FESEM) images of the surface
morphology of as-grown Bi 2 Te 2.7 Se 0.3 thin film and of thin films post-annealed at
373 K, 423 K, 473 K, 523 K, and 573 K for 1 h under Ar gas. As the annealing
temperature increases, the grain size becomes larger. When annealing was conducted
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at 473 K, the electrical resistivity and Seebeck coefficient were 2.7 mΩ-cm and −180
μV/K, respectively. The maximum thermoelectric power factor was enhanced to 12
μWK-2cm-1.

Figure 1.16 Seebeck coefficient, resistivity, and power factor of n-type co-evaporated
Bi 2 Te 3 films vs. substrate temperature [55].

Zou et al. [55] reported that both n-type and p-type bismuth telluride thin films
were grown by the co-evaporation method on glass substrates. Fine crystallinity and
a large thermoelectric power factor were obtained for highly stoichiometric samples.
The Seebeck coefficient of n-type and p-type bismuth telluride films was about -228
μV/K (as shown in Figure 1.16) and 81 μV/K, and electrical conductivity of n-type
and p-type bismuth telluride films was about 0.77×103 Ω-1cm-1 and, 3.1×103 Ω-1cm-1,
respectively.
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Sb 2 Te 3 -Bi 2 Te 3 thin film was prepared as a thermocouple by the co-evaporation
method [56]. The Seebeck coefficient and electrical conductivity of p-type Sb 2 Te 3
thin films were about 160 μV/K and 3.12×10-3 Ω-cm, and these of n-type Bi 2 Te 3 thin
films were -200 μV/K and 1.29×10-3 Ω-cm, respectively. When the temperature
difference between hot and cold ends was ~15.5 K, an induced current of 55 mA
could be achieved. The maximum value of thermoelectric figure of merit Z of 1.04 ×
10-3 K-1 for n-type Bi 2 Te 3 film was calculated at room temperature.

L.W. da Silva et al. [57] reported bismuth-tellurium and antimony-tellurium films
grown by co-evaporation under various deposition conditions. The tellurium atomic
content of the films was found to extend from 48% to 74%, when the glass, mica,
magnesium oxide, and sapphire substrate temperatures ranged from 130 to 300 ◦C.
For Bi-Te, the maximum power factors of 2.11 and 1.84 mWK-2m-1 were achieved at
substrate temperature, T sub , of 260 ◦C on MgO and glass at around 60 at.% Te. For
Sb-Te, 60.5 at.% Te in a thin film deposited at 270 ◦C revealed the largest power
factor (1.78 mWK-2m-1).
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Figure 1.17 Schematic diagram of co-evaporation system [58].

n-type Bi 2 Te 3 and p-type Sb 2 Te 3 films were deposited by the co-evaporation
method (as shown in Figure 1.17), as reported by Huang et al. [58]. The highest
power factors of co-evaporated Bi 2 Te 3 and Sb 2 Te 3 films were 2.7 mWK-2m-1 at T =
220 K and 2.1 mWK-2m-1 at T = 280 K, respectively. For Bi 2 Te 3 films, the major
scattering mechanism is the phonon scattering at room temperature. The low
electrical conductivity is due to low electric mobility. For Sb 2 Te 3 films, the major
scattering mechanisms are phonon scattering and impurity scattering, and the low
electrical conductivity is due to a low carrier concentration.

Goncalves et al. [59] reported n-type Bi 2 Te 3 thin films fabricated on polyimide
substrates by thermal co-evaporation. The Seebeck coefficient (up to 250 μV/K),
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in-plane electrical resistivity (~10 μΩ-m), carrier concentration (3×1019 - 20×1019
cm−3), and Hall mobility (80-170 cm2V−1s−1) were measured at room temperature for
selected Bi 2 Te 3 samples.

n-type Bi 2 (Te 1-x Se x ) 3 films with x = 0, 0.2, 0.4, 0.6, 0.8, 1 were also fabricated
by thermal evaporation [60]. The targets were grown by the modified Bridgman
method. It was found all the thin films take on semiconductor behaviour. With
increasing temperature, the electrical conductivity increased for each sample.
However, the electrical conductivity could be decreased gradually by increasing the
Se content. ZT improved with increasing annealing temperature.
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1.5.2

Bulk materials

There are several routes to prepare bismuth telluride bulk samples in previous
reports. The common ones are the mechanical alloying method, hot pressing,
solid-state reaction, extrusion, and spark plasma sintering

1.5.2.1

Bulk samples prepared by mechanical alloying and spark plasma sintering
and their properties

Mechanical alloying (MA) is a powder processing method, which has been used
to synthesize various alloy powders with extremely fine microstructures. MA is
basically a dry and high energy ball milling process, which is a common method to
synthesize thermoelectric materials. Compared with conventional techniques, such as
the melting method, mechanical alloying (MA) has several advantages. First, MA is a
room temperature process that could prevent the volatilization of elements. Second,
the process reduces the content of inhomogeneous alloys that arise from dendritic
segregation caused by the wide separation of the solidus and liquids in the Bi–Te
phase diagram. Finally, the MA process may allow the incorporation of
nanometer-sized inclusions to act as phonon scatterers, as suggested by White and
Klemens [61].

Spark plasma sintering (SPS) is a sintering process that follows the MA process,
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in which a pulsed DC current is applied to directly pass through the graphite die, as
well as the powder compact, in the case of conductive samples. The heat is generated
internally, in contrast to the conventional hot pressing, where the heat is provided by
external heating elements. This facilitates a very high heating or cooling rate (up to
1000 K/min), and hence the sintering process generally is very fast (within a few
minutes).

Zhao et al. [62] reported that n-type Bi 2 Te 3 thermoelectric materials were
fabricated by mechanical alloying and spark plasma sintering. When the spark
plasma sintering pressure was raised from 20 to 50 MPa at 623 K, the power factor
was enhanced from 1.5 to 1.6 mWK-2m-1. The power factor was further improved to
2.1 mWK-2m-1 under 50 MPa with the increasing SPS temperature from 623 to 673 K.
Later on, they reported n-type Bi 2 Te 3 polycrystalline compounds that were
fabricated by spark plasma sintering using high energy ball-milled powders [63]. The
samples were annealed at temperatures from 423 to 593 K over a wide range of times
(10, 24, 72 and 144 h). The sample which was annealed at 423 K for 24 h showed the
highest power factor of 2.35 mWK-2m-1. The carrier concentration and mobility were
decreased because of the volatilization of Te when samples were annealed above 523
K.
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Figure 1.18 Seebeck coefficient and carrier concentration variations of Bi 2 Te 3 bulk
samples sintered at 573 K with different milling times [64].

Kuo et al. [64] reported that high quality polycrystalline Bi 2 Te 3 bulk materials
were prepared by high energy ball milling and spark plasma sintering. Improvement
in carrier concentration was observed due to the interaction of vacancies and defects,
which were created during high energy milling (Figure 1.18). The maximum power
factor for the Bi 2 Te 3 sample fabricated by 3 hours milling and sintering at 573 K was
found to be 1 mWK-2m-1 at 500 K.

Bi 2 Te 3 thermoelectric compound prepared by mechanical alloying of bismuth
and tellurium as starting materials was reported [65]. The mean grain sizes of
samples with different milling times were calculated by the Scherrer method. It was
revealed that the nanocrystalline Bi 2 Te 3 compound was obtained after 5 hours of
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planetary ball milling, and a grain size of 9-10 nm was achieved after 25 hours of
milling. Stable synthesized phase was obtained by long milling (25 h) and under heat
treatment (500 ◦C).

Poudel et al. [66] reported p-type nanocrystalline BiSbTe bulk alloy fabricated by
ball milling and hot pressing. It was found that the maximum ZT of 1.4 was obtained
at 100 ◦C, while the value of ZT was 1.2 and 0.8 at room temperature and 250 ◦C,
respectively. The improvement of ZT was owing to a large decrease in the phonon
thermal conductivity and a loss of bipolar contributions to the electronic thermal
conductivity at high temperature.

Cui et al. [67] reported that Ag-doped n-type (Bi 2 Te 3 ) 0.9 (Bi 2-x Ag x Se 3 ) 0.1 (x = 0,
0.05, 0.2, 0.4) alloys were fabricated by spark plasma sintering. It was found that the
trend in the temperature dependence of the lattice thermal conductivity in these
samples is the same as that in (Bi 2 Te 3 ) 0.9 (Bi 2 Se 3 ) 0.1 . This indicates that the thermal
conductivity decreases sharply in the presence of higher Ag content above 400 K.
The improvement is probably due to improved phonon scattering by increased
numbers of defects. With an increase in Ag content, the Seebeck coefficient and
electrical resistivity increase as well. The maximum dimensionless ZT value of 0.86
was found in the sample with x = 0.4 at 505 K, which was reported to be 33% higher
than that of the un-doped sample.
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Figure 1.19 FESEM images of as-prepared SPS nanoporous Bi 2 Te 3 -based bulks
from sections perpendicular to the pressing direction: (a) SPS sample without
pore-forming agent added, (b) SPS sample with 1.81% porosity ratio, (c) SPS sample
with 3.32% porosity ratio, (d) SPS sample with 4.46% porosity ratio, with the inset
showing the same sample at higher magnification [68].

Different amounts of pore-forming agent have been used to fabricate a
nanoporous Bi 2 Te 3 -based alloy thermoelectric material using spark plasma sintering
[68]. It has been found that the distribution of nanopores was random in the Bi 2 Te 3
layer structure, as is shown in Figure 1.19. The holes can improve ZT of these
Bi 2 Te 3 -based alloys because phonon scattering is remarkable in the holes. The
maximum dimensionless figure of merit of ~1.38 was obtained for the appropriate

40

porosity ratio (3.32%) at about 200 ◦C.

Figure 1.20 HRTEM micrograph of the ribbon sample prepared by the melt spinning
technique with roller linear speed of 40 m/s [69].

Tang et al. [69] reported high performance Bi 2 Te 3 bulk samples with layered
nanostructure fabricated by combining the melt spinning technique with SPS. Figure
1.20, containing a high resolution transmission electron microscope (HRTEM) image
of such a sample, shows 1.03 nm of distance between two neighbouring crystal
layers. Both the electrical resistivity and the lattice thermal conductivity decreased
significantly with increased linear speed of the roller. The ZT for the sample
fabricated by melt spinning with roller linear speed of 40 m/s was 1.35 at 300 K.
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1.5.2.2

Bulk samples prepared by bulk mechanical alloying (BMA) and their
properties

Figure 1.21 Schematic diagram of BMA [70].

BMA is a mechanical process in which the material is repeatedly pressed and
extruded (as shown in Figure 1.21). It was proposed to produce p-type
Bi 2 Te 3 -Sb 2 Te 3 thermoelectric materials with large yield and without any
contamination. Because of the solid-state alloying through this process, no melting or
solidification process is required to yield the targeted composition of thermoelectric
materials [70].
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Figure 1.22 Figure of merit for (Bi 2 Te 3 ) x (Sb 2 Te 3 ) 1-x prepared via different methods
[71].

Yang

et

al.

[71]

reported

that

high

density

single

phase

p-type

(Bi 2 Te 3 ) x (Sb 2 Te 3 ) 1-x (x = 0.20, 0.225, 0.25, 0.275, and 0.30) thermoelectric
materials were fabricated by bulk mechanical alloying and hot pressing (HP). The
thermoelectric properties of the samples synthesized by BMA are better than these of
samples made by the travelling heater method (THM) [72],[73] and the pulverized
and intermixed elements sintering (PIES) [74],[75] method. For the ratio x≤ 0.25,
the values of thermoelectric properties were almost same in the THM samples, while
the Z values of (Bi 2 Te 3 ) x (Sb 2 Te 3 ) 1-x are about 3 × 10-3 K-1 and are all larger than
those of PIES samples. When x > 0.25, the figure of merit of (Bi 2 Te 3 ) x (Sb 2 Te 3 ) 1-x is
reduced sharply due to increasing thermal conductivity, as is shown in Figure 1.22.

1.5.2.3 Bulk samples prepared by extrusion and their properties
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Chen et al. [76] reported Bi 2 Te 3 compound fabricated by a powder hot-extrusion
technique. Large-angle boundaries with more than ˚ 30
average wrong tendency
angles were the majority of boundaries in the samples. A deformation-induced
stacking disorder with local atomic shift, which was termed as “phase disorder,” was
observed on the basal plane in the extruded Bi 2 Te 3 . The thermoelectric performance
was not improved compared with a unidirectionally solidified specimen due to the
high density of structural defects induced during the extrusion process. It was found
that there were no significant change in the dislocation patterns, Seebeck coefficient,
and electrical resistivity for the samples with and without post annealing.

1.5.2.4 Bulk samples prepared by hot pressing (HP) and their properties

Figure 1.23 (a) Schematic illustration of the hot-press deformation process, and (b) a
typical deformed sample [77].
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Bi 0.5 Sb 1.5 Te 3 and Bi 0.5 Sb 1.5 Te 2.98 were fabricated by mechanical alloying and hot
pressing [77], which is shown in Figure 1.23. Highly oriented [001] textures were
achieved by high temperature (T≥ 773

K) deformation. The samples which were

deformed at 773 and 823 K have low electrical resistivity because of high Hall
mobility. Although high temperature deformation leads to grain growth, which will
increase thermal conductivity, it can enhance the power factor of Bi 0.5 Sb 1.5 Te 3 .

1.5.2.5 Bulk samples prepared by solid state reaction and their properties

Figure 1.24 Temperature dependence of the thermopower for (Bi 2 ) m (Bi 2 Te 3 ) n [78].

(Bi 2 ) m (Bi 2 Te 3 ) n (m:n = 0:3, 1:5, 2:7, 3:9, 1:2, 3:3, 2:1, 15:6, and 3:0) samples
were prepared by solid state reaction [78]. The samples with m:n of 0:3 and 3:0
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exhibited n-type behaviour, however, the other samples showed p-type behaviour (as
shown in Figure 1.24). The highest power factor is 43 μWK-2cm-1 for Bi metal at 130
K. Bi 2 Te 3 (m:n = 0:3), Bi 2 Te (m:n = 5:2), and Bi 7 Te 3 (m:n = 15:6) have 20
μWK-2cm-1 at 270 K, 9 μWK-2cm-1 at 240 K, and 11 μWK-2cm-1 at 270 K,
respectively. Comparing the maximum power factor with Bi 2 Te and Bi 2 Te 0.67 Se 0.33 ,
Bi 2 Te 0.67 Se 0.33 has a higher power factor of 10 μWK-2cm-1 at 190 K.

Figure 1.25 (a) Thermal conductivity, κ, (b) figure of merit, ZT, (c) Seebeck
coefficient, S, and (d) resistivity, ρ, of the graphene-doped n-type Bi 2 Te 3
polycrystalline sample [79].

Graphene-doped Bi 2 Te 3 polycrystalline samples were fabricated using solid state
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reaction by Li et al [79]. It was found that the p electrons from the Bi and Te atoms
are responsible for the density of states (DOS) near the Fermi level. Experimental
results show that the graphene-doped Bi 2 Te 3 exhibits lower thermal conductivity
with a higher figure of merit (as shown in Figure 1.25), compared to the single
crystals.

1.5.3

Single crystal

p-type (Bi 0.25 Sb 0.75 ) 2 Te 3 single crystal doped with 8 wt.% excess Te and n-type
Bi 2 (Te 0.94 Se 0.06 ) 3 single crystal doped substantially with 0.07 wt.% I, 0.02 wt.% Te,
and 0.03 wt.% CuBr were grown by the Bridgman method at a rate of 6 cm/h [80].
Subsequent annealing was done in the temperature range of 473-673 K for 2–5 h in
vacuum and in a hydrogen stream. Although the p-type sample showed no annealing
effect on the power factor, the as-grown p-type sample achieved a large power factor
of 5.53×10-3 WK-2m-1 at 308 K and a low thermal conductivity of 1.21 WK-1m-1. It
has been found that the maximum Z values at 308 K for the as-grown p-type sample
and the annealed n-type sample are 4.57×10-3 K-1 and 3.67×10-3 K-1, respectively.
The ZT values are 1.41 and 1.13.
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Figure 1.26 Temperature dependence of the thermoelectric power for Bi 2 Te 3 [81].

Nassary et al. [81] reported that high quality Bi 2 Te 3 single crystals were grown
by the modified Bridgman technique. Electrical conductivity, Hall mobility, and
Seebeck coefficient measurements verified the anisotropy of the samples. Bi 2 Te 3
single crystal showed the positive conductivity type over the entire temperature range
from both the Hall coefficient and the thermoelectric power, which had not been
reported before. The maximum Seebeck coefficient is 897.64 μV/K at 328 K parallel
to the cleavage plane, which is shown in Figure 1.26.
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Figure 1.27 Temperature dependence of the Seebeck coefficient α: (points)
experimental data, (solid lines) calculations from scattering by (1) acoustic and (2)
optical phonons for a (Bi 0.5 Sb 0.5 ) 2 Te 3 crystal with 2 at.% Ga [82].

Kulbachinskiі et al. [82] reported Bridgman-grown (Bi 0.5 Sb 0.5 ) 2 Te 3 and Ga
doped single crystals. The hole concentration decreases in the doped sample due to a
donor effect induced by gallium. The Seebeck coefficient increases dramatically to
about 260 μV/K at 290 K in 2.0 at.% Ga doped BiSbTe 3 , which is shown in Figure
1.27. The dimensionless ZT is 0.88 under the same conditions. It is worth noting that
a gallium induced change in the DOS in the valence band is demonstrated by
changes in the Seebeck coefficient.

1.6 Motivation
Bi 2 Te 3 and Bi 0.5 Sb 1.5 Te 3 are typical thermoelectric compounds which have been
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proven in the last decade. The figure of merit of both Bi 2 Te 3 and Bi 0.5 Sb 1.5 Te 3 can
reach up to ~1, which promises a practical application potential in the energy devices.
However, the high thermal conductivity of both compounds prevents their
thermoelectric performance that is a challenging problem in practice. In order to
enhance their thermoelectric properties, the thermoelectric compounds in forms of
thin film will significantly decrease their thermal conductivity which efficiently
improves their performance. In addition, the Seebeck coefficient will be enhanced in
the films. Therefore, fabrication of Bi 2 Te 3 and Bi 0.5 Sb 1.5 Te 3 thin films is one of the
motivations of this work. So far, the thin film deposition techniques for
thermoelectric compounds are limited in magnetic sputtering method, sol-gel method
and pulsed laser deposition method. However, all the techniques face to a problem
that the stoichiometric thin films are difficultly prepared. Therefore, optimization of
deposition conditions is critical for the further research and commercialization on
these compounds. In this thesis, the optimized preparation of thin films is raised
based on the PLD technique. The results show a significant enhancement of the
thermoelectricity in both Bi 2 Te 3 and Bi 0.5 Sb 1.5 Te 3 thin films. The deposition
temperature, atmospheres, post-annealing process, as well as substrates are proven
having key effects on the quality of the thin films.
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Chapter 2 Experimental Details

2.1 Fabrication techniques

2.1.1 Solid state reaction

Solid state reaction is a chemical reaction system in the absence of a solvent. In a
typical solid state reaction process, the reactants are first mixed in a mortar and
pressed into pellets at high pressure. Then, the pellets are sintered in a furnace
(Figure 2.1). After that, the products are crushed, ground, pressed into pellets, and
sintered again several times.

Figure 2.1 Image of a tube furnace.
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All the targets used for pulsed laser deposition were prepared by the solid state
reaction method.

2.1.2 Pulsed laser deposition (PLD)

Pulsed laser deposition (PLD) is a widely used thin film deposition technique that
is employed to fabricate thin films in various forms, including ultra-thin films,
multi-layer films, etc. With this technique, multi-component materials can be ablated
from the target and deposited onto a substrate to form stoichiometric layers, which
have the same chemical components as the target material.

Figure 2.2 Image of a laser device.
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PLD relies on a high-power laser to create an ejected plume of material from any
target. The vapour (plume) is collected on a substrate placed a short distance from
the target. Although the physical processes of material removal are quite complex, as
an approximation, the ejection of material occurs due to rapid explosion of the target
surface due to superheating. Unlike thermal evaporation, which produces a vapor
composition dependent on the vapour pressures of the elements in the target material,
the laser-induced expulsion produces a plume of material with stoichiometry similar
to that of the target. It is generally easier to obtain the desired film stoichiometry for
multi-element materials using PLD than with other deposition techniques.

In a typical PLD process, the laser beam is focused onto the surface of the target
in the first stage. Due to the sufficiently high flux densities and high frequency pulses
induced by laser, the surface of the target is rapidly heated up to the temperature at
which all elements can evaporate. Materials are dissociated from the target surface
and ablated out with the same stoichiometry as in the target. The instantaneous
ablation rate is highly dependent on the fluences of the laser shining on the target.

During the second stage, the emitted materials tend to move towards the substrate
according to the laws of gas dynamics and show the forward peaking phenomenon.
The spot sizes of the laser and the plasma temperature have significant effects on the
uniformity of the deposited film. The target-to-substrate distance is another
parameter that governs the angular spread of the ablated materials.
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Figure 2.3 The plume of the target materials induced by incident laser in PLD
synthesis [1].

The third stage is important to determine the quality of the thin film. The ejected
high-energy species impinge onto the substrate surface and may induce various type
of damage to the substrate. The mechanism of the interaction is illustrated in Figure
2.3. These energetic species sputter some of the surface atoms, and a collision region
is formed between the incident flow and the sputtered atoms. The film grows after a
thermalized region is formed. The region serves as a source for condensation of
particles. When the condensation rate is higher than the rate of particles supplied by
the sputtering, thermal equilibrium conditions can be reached quickly, and the film
grows on the substrate surface at the expense of the direct flow of the ablation
particles and the thermal equilibrium thus obtained.
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Nucleation-and-growth of crystalline films depends on many factors, such as the
density, energy, degree of ionization, and type of condensing material, as well as the
temperature and the physic-chemical properties of the substrate. The nucleation
process depends on the interfacial energies between the three phases present – the
substrate, the condensing material, and the vapour. The critical size of the nucleus
depends on the driving force, i.e., the deposition rate and the substrate temperature.
Large nuclei, a characteristic of slight supersaturation, create isolated patches
(islands) of the film on the substrate which subsequently grow and coalesce together.
As the supersaturation increases, the critical nucleus shrinks until its height reaches
one atomic diameter and its shape is that of a two-dimensional layer. For large
supersaturation, layer-by-layer nucleation will take place for incompletely wetted
foreign substrates.

The crystalline film growth depends on the surface mobility of the adatoms
(vapour atoms). Normally, an adatom will diffuse through several atomic distances
before sticking to a stable position within the newly formed film. The surface
temperature of the substrate determines the adatom's surface diffusion capability.
High temperature favours rapid and defect free crystal growth, whereas with low
temperature or large supersaturation, crystal growth may be overwhelmed by the
impingement of energetic particles, resulting in disordered or even amorphous
structures.
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2.2 Sample Characterization

2.2.1

X-ray diffraction (XRD)

Figure 2.4 Image of a XRD machine.

X-ray diffraction is one of the X-ray scattering techniques, which are
non-destructive

analytical

techniques

revealing

information

about

the

crystallographic structure, chemical composition, and physical properties of
materials. XRD is based on constructive interference of monochromatic X-rays and a
crystalline sample. The monochromatic X-rays are generated by a cathode ray tube,
filtered to produce monochromatic radiation, collimated to concentrate them, and
directed toward the sample. The interaction of the incident rays with the sample
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produces constructive interference (and a diffracted ray) when conditions satisfy
Bragg's Law (nλ = 2d sin θ). This law relates the wavelength of electromagnetic
radiation (λ) to the diffraction angle (θ) and the lattice spacing (d) in a crystalline
sample. These diffracted X-rays are then detected, processed, and counted. By
scanning the sample through a range of angles (2θ), all possible diffraction directions
of the lattice should be attained, due to the random orientation of the powdered
material. Conversion of the diffraction peaks to d-spacings allows identification of
the mineral because each mineral has a set of unique d-spacings. Typically, this is
achieved by comparison of d-spacings with standard reference patterns.

In this work, all XRD measurement was performed in the step-scanning mode θ 2θ by using a GBC MMA diffractometer with a Cu-Kα radiation source (λ = 1.5418
Å). Typically, diffraction data was collected from 10º - 90º in a step width of 0.02º.

2.2.2

Raman spectroscopy

Raman spectroscopy is an important technique which can be used for chemical
identification, characterization of molecular structures, and effects of bonding,
environment, and stress on the samples [2]. Based on a light scattering technique,
Raman measurement can be considered as a process where a photon of light interacts
with the molecule or lattice (phonon) in a sample to produce scattered radiation of
different wavelengths.
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In the measurement, monochromatic radiation is incident upon a sample and will
interact with the lattice (phonons) in the following ways: the light may be reflected,
absorbed, or scattered. Raman spectroscopy is based on the analysis of radiation
scattered by the molecules. Several components can be found in light scattered from a
molecule: the Rayleigh scattering, and the Stokes and Anti-Stokes Raman scattering.
The scattering process without a change of frequency is called Rayleigh scattering. A
change in the frequency (wavelength) of the light is called Raman scattering. Raman
shifted photons of light can be either of higher or lower energy, depending upon the
vibrational state of the molecule. If the frequency (wavelength) of the scattered
radiation is analyzed, not only is the incident radiation wavelength seen (Rayleigh
scattering), but also a small amount of radiation that is scattered at some different
wavelengths (Stokes and Anti-Stokes Raman scattering). (Only a proportion of ~1 ×
10-7 of the scattered light is Raman). It is the change in wavelength of the scattered
photon which provides the chemical and structural information on materials. In
molecular systems, these frequencies are principally in the ranges associated with
rotational, vibrational, and electronic level transitions. Through Raman spectroscopy,
we can obtain structural information, such as on bond vibrations, which is useful for
analysing the multiferroicity induced by the structural distortion.

In this work, all the Raman scattering measurements, with shifts ranging from 100
to 1000 cm-1, were performed with a laser Raman spectrometer (HR320; HORIBA
Jobin Yvon) at room temperature. An Ar+ laser with wavelength of 632.8 nm was used

65

for excitation of the Raman signals.

2.2.3

Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) is a type of electron microscope that
images the sample surface by scanning it with a high-energy beam of electrons. It
consists of an electron optical column, a vacuum system, and various electronics.
The electron gun at the top of the column produces a high-energy electron beam,
which is focused down to a fine spot (< 4 nm in diameter) on the specimen. This
beam is scanned in a rectangular raster pattern over the specimen. Secondary
electrons are produced on the specimen surface and are detected by a suitable
detector. The amplitude of the secondary electron signal varies with time, according
to the topography of the specimen surface. Then, the signal is amplified and used to
display the corresponding specimen surface information.
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Figure 2.5 Schematic diagram of SEM [3].

In SEM, the magnification is totally determined by the electronic circuitry that
scans the beam over the specimen’s surface. Magnification can be high as 300,000×,
which is usually more than sufficient. In principle, the resolution of a SEM is
determined by the beam diameter on the surface of the specimen. However, the
practical resolution depends on the properties of the specimen, the specimen
preparation technique, and also on many instrumental parameters, such as the beam
intensity, accelerating voltage, scanning speed, distance of the lens from the
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specimen’s surface, and the angle of the specimen with respect to the detector. Under
optimum conditions, a resolution of 1 nm can be achieved.

SEM images were obtained by using a field-emission SEM (JEOL-7500)
operating at 5.0 kV, and a SEM (JEOL-6460) operating at 15.0 kV. Both SEMs are
equipped with X-ray energy dispersive spectroscopy (EDS) systems.

2.2.4

Energy-dispersive X-ray spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique used for
the elemental analysis or chemical characterization of a sample. It is one of the
variants of X-ray fluorescence spectroscopy, which relies on the investigation of a
sample through interactions between electromagnetic radiation and matter, analysing
X-rays emitted by the matter in response to being hit by electrons. Its
characterization capabilities are due in large part to the fundamental principle that
each element has a unique atomic structure, allowing X-rays that are characteristic of
an element's atomic structure to be identified uniquely from one another.

An EDS system comprises three basic components, the X-ray detector, the pulse
processor, and the analyser, and they must be designed to work together to achieve
optimum results. In practice, the X-ray detector first detects and converts the X-rays
into electronic signals. Then, the pulse processor measures the electronic signals to
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determine the energy of each X-ray detected. Finally, the analyser displays and
interprets the X-ray data.

In this work, all EDS analysis was performed by using the EDS systems supplied
with the JEOL-7500 FE-SEM and the JEOL-6460 SEM.

2.2.5

Physical properties measurement system (PPMS)

The physical properties measurement system (PPMS, Quantum Design) is an
open architecture. It is a variable temperature-field system, designed to perform a
variety of automated measurements. Sample environment controls include fields up
to ± 14 T and a temperature range of 1.9 - 400 K.

2.2.5.1 Thermal transport
The Quantum Design Thermal Transport option (TTO) for the Physical Property
Measurement System enables measurements of thermal properties, including thermal
conductivity λ and Seebeck coefficient (or so-called thermopower) α, for sample
materials over the entire temperature and magnetic field range of the PPMS. The
TTO system measures thermal conductivity, or the ability of a material to conduct
heat, by monitoring the temperature drop along the sample as a known amount of
heat passes through the sample. TTO measures the thermoelectric Seebeck effect as
an electrical voltage drop that accompanies a temperature drop across certain
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materials. All these measurement types are essential in order to assess the
thermoelectric figure of merit (known as ZT).

Figure 2.6 Example of leads mounted in four-probe configuration.

A four-probe lead configuration method is used when sample resistivity (thermal
or electrical) is too low to allow the contribution of lead contact resistance to be
neglected. Thus, the four probes are attached individually in order to avoid the
problem of contact resistance at the T hot /V + and T cold /V - probes. This is because very
little thermal or electrical current passes into the copper shoes from the sample, and
hence they, approximate much better the ideal of passive probes of the sample’s
temperature and voltage profile. Note that care must be taken to keep the epoxy pads
on the sample separate, or else this advantage is compromised due to
thermal/electrical currents that may shunt through the epoxy pads at the T/V probes.
Figure 2.6 shows a sample mounted in the four-probe configuration.
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Figure 2.7 Thermal and electrical connections for an idealized sample.

The thermal and electrical connections for an idealized Thermal Transport
Option (TTO) sample are shown in Figure 2.7. For clarity, the sample is shown
mounted in the four-probe geometry. The four basic physical elements are illustrated:
the sample, the epoxy bonds that attach the leads to the sample, the copper leads, and
the heater and thermometer shoe assemblies that screw down onto the leads. For
thermal conductivity and Seebeck coefficient measurements, heat is applied to one
end of the sample by running current through the heater (Q +/- ). The temperatures T hot
and T cold are measured at the thermometer shoes. Also, during the heat pulse, the
Seebeck voltage (^V = V + - V - ) is monitored. Heat exits the sample to the coldfoot.
Electrical resistivity measurements are made both before and after the heat pulse
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described above. Current (I +/- ) flows through the sample, and the voltage drop across
the sample is monitored using the V +/- leads.
In this work, all the thermal transport measurements for n-type and p-type Bi 2 Te 3
bulk and thin film samples were carried out by PPMS.

2.2.5.2 Resistivity measurement

The Resistivity option for the PPMS adds a configurable resistance bridge board,
called the user bridge board, to the PPMS Controller. Samples for four-wire
resistance measurements can be mounted on standard PPMS sample pucks (see
Figure 2.8) or on Resistivity sample pucks, which are include with the Resistivity
option. Resistivity sample pucks have four contacts, one positive and one negative
contact for current and voltage, for each user bridge board channel to which a sample
may be mounted on a Resistivity puck, so the Resistivity option may measure up to
three samples at one time.

Figure 2.8 Example of four-wire resistance measurement with sample mounted on a
standard PPMS sample puck.
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Using four wires to attach a sample to a sample puck greatly reduces the
contribution of the leads and joints to the resistance measurement. In a four-wire
resistance measurement, current is passed through a sample via two current leads,
and two separate voltage leads measure the potential difference across the sample
(Figure 2.8). The voltmeter has very high impedance, so the voltage leads draw very
little current. In theory, a perfect voltmeter draws no current whatsoever. Therefore,
by using the four-wire method, it is possible to know, to a high degree of certainty,
both the current and the voltage drop across the sample and thus calculate the
resistance with Ohm’s law.

In this work, all the resistivity measurements for n-type and p-type Bi 2 Te 3 bulk
and thin film samples were carried out by the four probe method on the PPMS.

2.2.5.3 Magnetoresistance measurement

The configuration for magnetoresistance measurements is similar to that for
resistivity measurements, but an external magnetic field is present. The standard four
probe measurement was carried out in different magnetic fields in the range from -13
T to 13 T. The temperature range was from 5 K to 100 K.
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Chapter 3 Fabrication and Characterization of n-type
Bi 2 Te 3 Thin Films

3.1 Introduction

Thermoelectric materials are compounds that can convert an applied temperature
gradient into electric voltage and vice versa by utilizing the thermoelectric effect.
The working principle and physical properties of these functional materials have
drawn considerable attention in the past several years due to their potential
applications, including temperature sensors, power generation, and refrigeration
devices [1-2].

Bi 2 Te 3 is a narrow gap semiconductor with an indirect band gap of ~0.15 eV [3].
Its

crystal

structure

is

composed

of

atomic

layers

in

the

order

of

Te(1)-Bi-Te(2)-Bi-Te(1) layers oriented along the c-axis. The Te layers adhere to
each other by weak van der Waals forces. Bi 2 Te 3 has been proven a typical
thermoelectric compound with the highest figure of merit (ZT ≈ 1) at room
temperature compared to the other thermoelectric materials [4]. Recently, a higher
ZT of 2.4 has been obtained for Bi 2 Te 3 /Sb 2 Te 3 superlattices with low dimensional
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structure [5], mainly because of a simultaneous increase in the power factor and a
decrease in the thermal conductivity [6-7]. Therefore, strong reduction of phonon
scattering is expected in Bi 2 Te 3 thin films and can enhance their thermoelectric
properties. Bi 2 Te 3 thin films have been synthesized by various techniques, such as
electrodeposition, flash evaporation, molecular beam epitaxy, and vapour deposition.
However, these fabrication methods have drawbacks, e.g. non-stoichiometry and/or
high cost, which are not ideal for applications.

Pulsed laser deposition (PLD) is a very promising method to deposit thin films
with multi-elements stoichiometry, such as Bi 2 Te 3 . However, it is challenging to
deposit Bi 2 Te 3 films with textured structure, uniform morphology, and high
thermoelectric properties. In addition, the impact of the annealing process on
thermoelectricity needs to be considered.

In this chapter, Bi 2 Te 3 thin films are fabricated by the PLD method. The optimal
synthesis conditions have been studied. Their crystal structure, morphology, Raman
spectra, thermoelectric properties, and magnetoresistance have been systematically
investigated.
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3.2 Experimental details

Bi 2 Te 3 thin films were deposited on glass substrates by a pulsed laser deposition
system. The Bi 2 Te 3 target was a Bi 2 Te 3 polycrystals which was prepared by solid
state reaction. The crystal was cut along the a-b plane into a disk 28 mm in diameter
and 10 mm in thickness. The target was then loaded onto a stage that was rotated
about the normal to the surface. The glass substrate was mounted in the
stainless-steel vacuum chamber. The deposition chamber was evacuated to 2×10-2
Torr by a vacuum pump. The temperature of the substrate was room temperature.

Third harmonic generation of a Nd:yttrium aluminum garnet laser, with a
wavelength of 355 nm and a repetition rate of 10 Hz, was used as the laser source.
The laser beam was incident on the target at 45˚. After deposition, the thin films were
annealed in a tube furnace at range of temperatures, from 473 K up to 623 K, under
Ar atmosphere for 1 hour.

Crystal structures of all samples were studied by XRD over the 2θ range from 6˚
to 80˚ with a GBC-MMA diffractometer using Cu Kα radiation (λ = 1.54059 Å). All
X-ray analyses were performed with 0.02
˚ step size and 2˚/min scanning speed.
Raman scattering measurements, with shifts ranging from 50 to 1100 cm−1, were
performed with a Raman spectrometer (HR320; HORIBA Jobin Yvon) at room
temperature. An Ar+ laser with a wavelength of 632.8 nm was used for excitation of
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the Raman signals. The growth morphology and composition of the thin films were
examined by scanning electron microscopy (SEM, JSM-6460). The electrical
resistivity and magnetoresistance were examined on a 14 T commercial physical
properties measurement system (14 T PPMS, Quantum Design).

3.3 Crystal structures of Bi 2 Te 3 thin films
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Figure 3.1 XRD patterns of n-type Bi 2 Te 3 films deposited on glass substrate at
different annealing temperatures.
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The purity and crystallinity of the as-prepared Bi 2 Te 3 thin film samples were
examined by XRD, as shown in Figure 3.1. All the samples were phase-pure without
any observable impurities. The diffraction patterns could be indexed with a
rhombohedral structure in the space group D35d ( R3m) according to JCPDS Card No.
15-0863. The patterns indicate that all the thin films are polycrystalline. It should be
noted that, unlike the results reported in a previous work [8], our Bi 2 Te 3 thin film
deposited at room temperature shows well crystallized rather than amorphous
structure. This can be ascribed to the different laser power used in our PLD system.
The sharp peak at 2θ = 28o demonstrates that all the films grow along the (015)
orientation. After being annealed, two diffraction peaks, for the (006) and (0015)
planes, appear in the XRD patterns of the thin films, indicating that the annealing
process enhances crystallization of these crystal planes.

Bi 2 Te 3 can be assigned to the hexagonal structure with two independent lattice
parameters a (b) and c. The inter-planar distance in a hexagonal lattice is given by:

𝑑𝑑hkl =

1

4
1
(h 2 +k 2 +hk )+ 2 l 2
3𝑎𝑎 2
𝑐𝑐

�

(3.1)

The values of a and c can be calculated from the peak positions observed in the
XRD pattern. For the thin film samples, d hkl is sensitive to the sample alignment
during the measurement. Here, three possible sample alignments can be considered
in our XRD measurements: (i) the surface of the sample is above the reflection plane,
(ii) the surface of the sample is below the reflection plane, (iii) the surface of the
sample and reflection plane are at the same horizontal. If the surface of the sample is
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above the reflection plane, the spacing d between adjacent lattice planes will be
larger than the true value. According to equation (3.1), lattice parameters a and c then
will be increased together. In contrast, lattice parameters will decrease if sample
alignment follows condition (ii). In order to obtain reliable XRD results, sample
alignment in our measurements was carefully carried out according to condition (iii).

Figure 3.2 Lattice parameters of Bi 2 Te 3 thin films at different annealing
temperatures.

From the diffraction peak positions the lattice parameters (a and c) of Bi 2 Te 3 thin
films with various annealing temperature were obtained, as shown in Figure 3.2. The
annealing temperature is from 473 K to 623 K. It was reported that Bi 2 Te 3 bulk
samples have an equivalent hexagonal unit cell given by a = 4.384 Å and c = 30.45
Å at room temperature [9]. However, the lattice parameters varied during the
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annealing process. As the annealing temperature increases from 473 K to 623 K, a
increases from 4.3983 Å to 4.5146 Å and c decreases from 29.9199 Å to 28.3278 Å,
respectively.

Table 3.1 Values of lattice parameters of investigated samples and reference.

The differences in the lattice parameters for the Bi 2 Te 3 films indicate that the unit
cell is expanded along the a (b) axis. This can be attributed to the compressive strain
and atom dislocations that exist in the films. Strain can be induced in the Bi 2 Te 3 thin
films during the deposition process. The large difference between the plume and
substrate temperatures results in a fast cooling rate of excited particles of Bi 2 Te 3 .
When these particles reach the substrate to form the thin film, the strain will remain
in the sample. However, after annealing at higher temperatures, the lattice constants
change to the stable values, which indicate that the compressive strain in the Bi 2 Te 3
films is gradually relaxed as the annealing temperature increases, and it is almost
fully relaxed for the sample annealed at 623 K. The dislocation of Bi and/or Te atoms
is the other possible reason leading to the change of lattice parameters during the
annealing process. Because of the fast cooling rate of the plume, the film formation
time is too short for diffusion of discrete Bi and Te atoms in the films without
annealing. These dislocated atoms are believed to form Bi-rich or Te-rich clusters in
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the film, which result in disordered crystal structures. However, the dislocated atoms
can diffuse within the films during the annealing. As has been indicated in the XRD
patterns, the higher annealing temperature enhances crystallinity, to which the
diffusion of the dislocated atoms could make a contribution. The lattice parameters
of Bi 2 Te 3 thin films are listed in Table 3.1.
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Figure 3.3 (a) Raman spectra of n-type Bi 2 Te 3 film deposited on glass substrate at
different annealing temperatures. (b) Schematic diagrams of the vibrations creating
the different Raman modes. (c) Fitted Raman spectrum for sample annealed at 473 K.
(d) Raman shifts of various modes vs. annealing temperature.

Due to the relatively weak contribution to the structural factors by Bi-rich and
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Te-rich ions clusters in the XRD analysis, some disorder effects in the dislocated
sub-lattice cannot be distinguished. Therefore, Raman spectroscopy of Bi 2 Te 3 thin
films with different annealing temperature has been performed, with special attention
to the vibration bands that are most affected by crystal structure disorder. Figure 3.3
shows Raman spectroscopy results for the Bi 2 Te 3 thin film samples annealed at
various temperatures. The irreducible representation for a Bi 2 Te 3 bulk sample is
given by:

Γ = 2 Ag + 2 Au + 4 E g + 4 Eu

(3.2)

in which there are 6 Raman-active modes, 6 infrared modes [10], as shown in Figure
3.3(b). In order to identify the Raman shift peaks for different samples, the Bi 2 Te 3
Raman spectra were fitted in the range of 50−150 cm-1 by the Gaussian fitting
method, as is shown in Figure 3.3(c). There are five vibration modes that have been
identified. This agrees with results from a previous study on Bi 2 Te 3 nanosheets [11].

The highest-frequency mode at 130 cm-1, shown in Figure 3.3(a), is the
2

Raman-active A1g mode. The vibration direction of this mode is perpendicular to
the Bi-Te quintuple layer. It was reported that two high-frequency modes can be
observed in Bi 2 Te 3 which can be ascribed to Raman-inactive A2u bands. The
frequencies of these two modes are sensitive to the van der Waals interactions
between the quintuple layers, and they are also mainly from out-of-plane vibrations.
These three A modes are not affected much by the anharmonic potentials. However,
only one mode of A1g2 was observed in the Raman spectra for our thin film samples,
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which is possibly due to the broken structural symmetry along the c-axis.

The peak at a frequency of ~115 cm-1 corresponds to the IR-active A1u mode,
which has highest intensity to be found in the Raman spectra for all the thin films.
Again, we attribute its appearance in the quintuple layer to breaking of the crystal
symmetry due to the presence of the two interfaces at the substrate and surface. A
single quintuple is inversely symmetric, which suggests that the identified crystal
symmetry breaking is likely related to the loss of infinite crystal periodicity due to
the interfaces and corresponding relaxation of the phonon wave vector q = 0
selection rule [11].

In Figure 3.3(a), the peak observed at the frequency of ~90 cm-1 indicates a
Raman-active E g2 vibration mode. We know that the vibrations of E g are mainly
within the a-b plane, as shown in Figure 3.3(b). This mode should have the same
frequencies in an isolated plane as the other E irreducible representations, such as Eu .
However, only the E g band has been observed in our samples. This is possibly
because the van der Waals interactions between planes are coupled with the in-plane
vibrations, and these two degenerated frequencies are slightly split, resulting in two
un-distinguishable close frequencies [12].

The broad peak at the low wavenumber of ~60 cm-1 corresponds to the
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1
Raman-active A1g
mode, which is observed in the Raman spectra for all the thin

films. As shown in Figure 3.3(b), this vibration band indicates a stretching mode
along the c-axis within the Bi-Te quintuple layers.

It should be noted that a suspicious peak with Raman shift of 84 cm-1 was
observed in most of the thin film samples. According to Ref. [13], this vibration band
should be attributed to the vibration mode of BiTe. It indicates that
non-stoichiometric clusters exist in the samples, even after high temperature
annealing. These clusters are expected to disappear with increasing annealing time.

The Raman shifts as a function of annealing temperature for Bi 2 Te 3 thin film
samples have been plotted in Figure 3.3(d). The trends in the four observed Bi 2 Te 3
vibration modes are clearly shown. All out-of-plane modes decrease in Raman shift
with increasing annealing temperature, while the vibration of the in-plane mode
shifts to higher frequency when the annealing temperature increases. As has been
discussed before, lattice parameter a is increased by increasing annealing
temperature, resulting in an expansion in the a-b plane. This has an impact on the
in-plane atomic interactions, which leads a decrease in the Raman shift. The
high-frequency shift in the out-of-plane vibration indicates that lattice parameter c is
also increased by the annealing process. These results agree with our XRD
measurements on the Bi 2 Te 3 thin films.
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3.4 SEM studies

Figure 3.4 SEM images of the surfaces of n-type Bi 2 Te 3 thin films deposited on glass:
a) as-grown, b) annealed at 473 K, c) annealed at 523 K, d) annealed at 623 K.

Figure 3.4 shows the surface morphology of Bi 2 Te 3 thin films annealed at
different temperatures. The as-grown sample shows a smooth surface with some
sub-micron thickness plate-like particles. The longest dimension of these particles is
5-6 μm. As the thin film samples were annealed at the different temperatures, the
surface of the samples became rough. Interestingly, an increasing amount of particles
appeared on the surfaces. This could be a result of the diffusion of volatile Bi. As has
been discussed, the as-grown sample consists of Bi 2 Te 3 and BiTe clusters. The
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non-stoichiometric clusters are expected to diffuse in the films to form Bi 2 Te 3 during
the annealing process. However, Bi atoms are volatile, which results in Bi 2 Te 3
particles appearing on the surface. Moreover, several hole structures can be observed
in the annealed samples. This morphology is induced by a common
expansion-shrinkage phenomenon in the thin film during post-annealing process.

Figure 3.5 SEM images of cross-sections of n-type Bi 2 Te 3 thin films grown on glass:
a) as-grown, b) annealed at 473 K, c) annealed at 523 K, d) annealed at 573 K.

Cross-sectional SEM images of Bi 2 Te 3 thin film fabricated under different
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conditions are shown in Figure 3.5. The films were found to be firmly attached to the
glass substrates. All the samples exhibit a uniform thickness of ~330 nm over a large
deposition area. This result indicates that the annealing process has little impact on
the thickness of the films.

3.5 Thermal properties

Figure 3.6 Temperature dependence of the electrical resistivity of n-type Bi 2 Te 3 thin
films annealed at different temperatures.

The temperature dependence of the resistivity of Bi 2 Te 3 thin films was measured
over the temperature range from 5 K to 390 K, which is plotted in Figure 3.6. All the
samples exhibit an increase in resistivity when the temperature increases from 5 K to
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390 K. The resistivity of the as-grown film is quasi-constant at 1 mΩ·cm, which is
much lower than for the single crystal sample [14]. The Bi 2 Te 3 film annealed at 523
K shows the lowest resistivity, which is ~0.77 mΩ·cm at 5 K and ~0.94 mΩ·cm at
390 K. The films annealed at 473 K and 623 K exhibit high resistivity, compared to
that of the as-grown sample. The resistivity increases from 1.2 to 1.57 mΩ·cm for the
473 K annealed sample, and from 1.8 to 2.7 mΩ·cm for the 623 K annealed sample.
In a semiconductor, at any temperature T, the resistance is given by

R(T) = R 0 eE g ⁄k B T

(3.3)

where k B is the Boltzmann constant, R 0 is the resistance of the material at 0 K, and
E g is the energy gap between the conduction and valence bands.

Therefore, the R(T) can be expressed as:

ln R(T) − ln R 0 =

Eg 1

kB T

(3.4)

where R 0 , E g and k B are constants.

A metal’s resistivity can be viewed as comprised of two components, one due to
impurities and defects, and the other due to lattice vibrations, as

ρm = ρres + ρth

(3.5)

The magnitude of ρ res , called the residual resistivity, is determined by the defects
within the structure of the material: the concentration and distribution of vacancies,
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dislocations, impurities, and grain boundaries. Thus, a single crystal of copper would
have a lower residual resistivity than polycrystalline copper, or copper alloyed with
nickel. These defects cause an increase in the scattering of electrons, thus reducing
the mean free time between collisions. The magnitude of the second term, the
thermal resistivity, ρ th , depends on the temperature of the metal, and is due to the
presence of lattice vibrations. The amplitude of the lattice vibrations increases with
increasing temperature, so that they interfere more with conduction.

It is clear that the electrical resistivity of a metal will rise as the temperature
increases, while resistivity in a semiconductor will be depressed as the temperature
increases. In our measurements, the resistivity is increased with rising temperature,
which indicates that the Bi 2 Te 3 thin films show typical metallic behaviour. This can
be explained by the orientation, grain size, and composition of the samples.

The resistivity of Bi 2 Te 3 perpendicular to the c-axis has metallic-like behaviour
due to less scattering of electrons. Therefore, the resistivity in the a-b plane is small.
However, the out-of-plane resistivity shows semiconductor behaviour due to electron
scattering and the band structure. Therefore, as the temperature increases, the
resistivity decreases monotonically along the a-b plane. The Bi 2 Te 3 thin films
fabricated here were crystallized with the main orientation of (015), which is
confirmed by the XRD measurements. It is expected that the crystal symmetry is
broken along the c-axis, so that the electron scattering is decreased. As a result,
metallic transport behaviour was observed in our Bi 2 Te 3 thin films.

92

Moreover, grain size and grain boundaries can impact on the resistivity. As the
average grain size increases, the resistivity of the sample is increased. The resistivity
also increases as the density of grain boundaries is reduced. The grain size in our
annealed films is expected to be larger than in the as-grown sample. For the as-grown
Bi 2 Te 3 thin film, the grain size is extremely small, the grain boundaries are dense,
and the main orientation is (015). As the annealing temperature increases, the grain
size becomes larger, and some new crystal orientation appears. Although the density
of grain boundaries would be reduced as the grain size increases, the new orientation
of grains introduces new grain boundaries. This can explain why the resistivity of the
n-type Bi 2 Te 3 thin film annealed at 473 K is larger than that of the as-grown film.

Figure 3.7 Temperature dependence of the Seebeck coefficient of n-type Bi 2 Te 3 thin
film before and after annealing at 623 K.
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The Seebeck coefficients were measured over a wide range of temperature from
312 K up to 667 K for the Bi 2 Te 3 thin films, as shown in Figure 3.7. Values of the
Seebeck coefficient were all negative, showing that the majority carriers are electrons.
Therefore, the films are expected to show n-type behaviour. As the temperature
increases, the thermal power of n-type Bi 2 Te 3 film on glass is increased gradually
from 312 K to 619 K. An abnormality was observed at 523 K due to the frustration in
the measurement. The largest Seebeck value of the as-grown film is -38.9 μV/K at
619 K. The Seebeck coefficient of n-type Bi 2 Te 3 thin film annealed at 623 K is ~
-63.7 μV/K. It decreases gradually as the temperature increases. The Seebeck value
for the film annealed at 623 K is about 2.5 times larger than for the as-grown film at
room temperature.

According to equation (1.7), the Seebeck coefficient is proportional to the
temperature and the effective mass of the carriers. The thermopower is also inversely
proportional to the carrier concentration. The Seebeck coefficient increases with
increasing temperature, due to the enhancement of lattice scattering. The
thermopower of a material depends greatly on impurities, imperfections, and
structural changes (which often vary themselves with temperature and electric field),
and the thermopower of a material is a collection of many different effects. For the
annealed sample, defects such as BiTe clusters are eventually diffused in the films,
forming Bi 2 Te 3 . Therefore, the number of effective carriers drops down, leading to
an increase in the Seebeck coefficient.

For a non-degenerate semiconductor within the intrinsic conduction domain, the
temperature dependence of the Seebeck coefficient (α) is described by the
relationship:
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where b is the ratio of the carrier mobilities (b = μ e /μ h ), e is the electron charge, and
s is a parameter which depends on the nature of the predominant scattering
mechanism in the investigated sample.

The relation between carrier mobility and the effective mass is given by:

μ=

eτ

m∗

(3.7)

where e is the elementary charge, m* is the carrier effective mass, and τ is the
average scattering time. The mobility is inversely proportional to the effective mass.
The mobility is proportional to T-3/2. Thus the effective mass is inversely proportional
to T-3/2.

At lower temperatures there are fewer phonons available for movement, and at
higher temperatures, they tend to lose momentum in phonon-phonon scattering
instead of phonon-electron scattering. Therefore, the Seebeck coefficient is higher at
low temperature.
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3.6 Magnetoresistance

Figure 3.8 Field dependence of the transverse magnetoresistance measured at and
below 100 K for n-type Bi 2 Te 3 thin film on glass after annealing at 573 K. The
electric current was applied perpendicular to the magnetic field.
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Figure 3.9 Dependence of the transverse magnetoresistance on the square of the field,
measured at and below 100 K for n-type Bi 2 Te 3 thin film on glass after annealing at
573 K. The electric current was applied perpendicular to the magnetic field.

Positive magnetoresistance (MR) was observed in the Bi 2 Te 3 films. We measured
the magnetic field dependence of the resistance over a wide range of temperature
from 5 up to 100 K. Transverse MR was measured, with the field perpendicular to
the direction of current. We define the MR ratio as [(ρ H -ρ 0 )/ρ 0 ]×100%, where ρ H and
ρ 0 are the resistance with and without the magnetic field H, respectively. The MR
ratio is positive for temperatures below 100 K, with MR ratio values between 2.0 and
3.25%, depending on the field direction, as shown in Figure 3.8. The MR ratios
increase with decreasing temperature. The change in MR with field for low fields is
parabolic over a wide range of temperatures instead of linear. The MR versus field is
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symmetrical (Figure 3.9).

Figure 3.10 Field dependence of the transverse magnetoresistance measured from 2
K to 300 K for n-type Bi 2 Te 3 thin film on glass after annealing at 623 K. The electric
current was applied perpendicular to the magnetic field.

Positive magnetoresistance ratios were observed in the Bi 2 Te 3 thin film which
annealed at 623 K, as shown in Figure 3.10. We measured the magnetic field
dependence of the resistance over a wide range of temperatures from 2 up to 100 K.
Transverse MR was measured, with the field perpendicular to the direction of current.
The case of transverse magnetoresistance, the MR versus H is symmetrical. As the
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annealing temperature decreases, the largest MR ratio for each sample increases.

3.7 Conclusions
In summary, Bi 2 Te 3 thin films were grown on amorphous glass substrates with
highly (015) orientation by the PLD method. XRD and Raman spectroscopy revealed
that the annealing process had an impact on the crystallinity of the as-prepared thin
films. The resistivity of the thin films is lower compared to that of Bi 2 Te 3 single
crystals. The magnetoresistance ratio for samples annealed at 573 K and 623 K is
found to be 3.25% and 0.85% at 5 K, respectively. The Seebeck coefficient of the
623 K annealed film is found to be 2.5 times larger than that of the as-grown film at
room temperature.
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Chapter 4 Fabrication and Magnetotransport Properties of
p-type Bi 0.5 Sb 1.5 Te 3 Thin Film

4.1 Introduction

Thermoelectric materials are widely used in applications including temperature
sensors, power generation, and refrigeration devices [1-2]. V-VI compounds, such as
Sb 2 Te 3 , Bi 2 Te 3 , Bi 2 Se 3 , and their solid solutions, are well-known candidate
materials for applications depending on their room-temperature thermoelectric
properties, due to their high figure of merit (ZT= S2T/ρκ), where S is the Seebeck
coefficient, ρ is the electrical resistivity, κ is the thermal conductivity, and T is the
temperature. Much effort has been made to raise the ZT of these compounds by
doping and alloying with other elements. However, the ZT is not much improved and
remains about 1, which seems to have reached the limit for the bulk materials [3].
Recently, enhanced thermoelectric properties were achieved in low-dimensional
thermoelectric materials, which have aroused considerable attention. It is believed
that the power factor can be increased by high electronic density of states near the
Fermi level in low-dimensional structures. In addition, thermal conductivity can be
suppressed by phonon-boundary scattering and modification of phonon dispersion.
As a result, ZT of low-dimensional structures can be improved.
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Bi 0.5 Sb 1.5 Te 3 has been proven to be a p-type thermoelectric compound with ZT ≈
1 at room temperature. The crystal structure is composed of atomic layers in the
order of Te(1)-Sb-Te(2)-Bi-Te(1) layers oriented along the c-axis. The Te layers are
stacked together by weak van der Waals forces. Very recently, advanced synthesis
methods, including direct current magnetron sputtering [4] and flash evaporation [5],
have been used to prepare Bi 0.5 Sb 1.5 Te 3 low-dimensional thin films in order to
improve the figure of merit. By far, most Bi 0.5 Sb 1.5 Te 3 thin films were prepared on
crystalline substrates at high temperature. It is still challenging to deposit
Bi 0.5 Sb 1.5 Te 3 thin film on amorphous substrates at low temperature. In addition, the
resistance behaviour of Bi 0.5 Sb 1.5 Te 3 thin films in the presence of magnetic fields is
still unclear.

In this chapter, Bi 0.5 Sb 1.5 Te 3 thin films are fabricated by the PLD method. The
optimal synthesis conditions have been studied. The crystal structure, morphology,
thermoelectric properties, and electrical properties of the resultant films have been
systematically investigated. In particular, the magnetoresistance of Bi 0.5 Sb 1.5 Te 3 has
been studied over wide ranges of temperature and magnetic field.

4.2 Experimental details

Bi 0.5 Sb 1.5 Te 3 thin films were deposited on glass substrates by using a PLD
system. A commercial p-type Bi 0.5 Sb 1.5 Te 3 polycrystalline pellet was used as the
target. The pellet was 28 mm in diameter and 10 mm in thickness. The target was
102

loaded on a stage that was rotated about the normal to the surface. The glass substrate
was mounted in the stainless-steel vacuum chamber. The deposition chamber was
evacuated to 2 × 10-2 Torr by vacuum pump. The substrate was at room temperature.
Third harmonic generation of a Nd:yttrium aluminium garnet laser with a wavelength
of 355 nm and a repetition rate of 10 Hz was used as the laser source. The laser beam
was incident on the target at 45̊. The deposition time was 10 min. After deposition,
the thin films were annealed in a tube furnace under Ar atmosphere for 1 hour at
various temperatures from 473 K to 623 K.

Crystal structures of all samples were studied by XRD over the 2θ range from 6˚
to 65˚, using a GBC-MMA diffractometer with Cu Kα radiation (λ = 1.54059 Å). All
X-ray analyses were performed with 0.02˚ step size and 2˚/min scanning speed. The
growth morphology of thin films was examined by scanning electron microscopy
(SEM, JSM-6460). The electrical resistivity and magnetoresistance were examined
on a commercial 14 T physical properties measurement system (14 T PPMS,
Quantum Design).
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4.3 Crystal structures of thin films

Figure 4.1 XRD patterns of p-type Bi 0.5 Sb 1.5 Te 3 film deposited on glass substrate
and annealed at different temperatures.

The XRD patterns of Bi 0.5 Sb 1.5 Te 3 films deposited by PLD and annealed at
different temperatures are shown in Figure 4.1. The bump background in all the XRD
patterns can be attributed to the amorphous glass substrate. As observed in XRD
pattern, the as-grown Bi 0.5 Sb 1.5 Te 3 thin film exhibits amorphous structure. It was
found that the Bi 0.5 Sb 1.5 Te 3 thin films crystallized in the rhombohedral structure with
space group D35d ( R3m) after annealing. The samples were found to be well
crystallized when annealed at 523 K. The films were molten when the annealing
temperature was above 623 K. Three peaks were observed in the as-grown
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Bi 0.5 Sb 1.5 Te 3 XRD pattern. The broad peaks with low diffraction intensity indicate
that the sample has amorphous structure. New peaks emerge in the XRD patterns
after annealing at 523 K, including those at peak positions of 28o, 39o, 42o, and 52o.
They correspond to Bi 0.5 Sb 1.5 Te 3 crystal orientations of the (015), (1010), (110), and
(205) planes, respectively. This indicates that the Bi 0.5 Sb 1.5 Te 3 thin films are fully
crystallized at 573 K. Further annealing at 623 K results in even better crystallinity of
the films. The sharp and strong peaks of the (015) and (110) planes show the
preferred crystal orientations of the films. The annealing process can enhance the
crystallinity of samples by removing defects such as voids, grain boundaries,
dislocations, stress, etc., which, in turn, improves the electrical properties of the films.
It is proposed that the 573 K annealing process can enhance the crystallinity of the
films, and eventually, improve the physical properties of the films.

4.4 SEM studies
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Figure 4.2 Surface morphologies of p-type Bi 0.5 Sb 1.5 Te 3 thin films deposited on the
glass substrates: a) as-grown, b) annealed at 523 K, c) annealed at 573 K, d) annealed
at 623 K.
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SEM images of Bi 0.5 Sb 1.5 Te 3 thin films annealed at different temperatures are
shown in Figure 4.2. The as-grown film shows a smooth surface with sub-micron
droplets and large particulates. The diameter of these particulates in the form of flat
disks or platelets is 4-5 μm. Very few particulates can be observed in as-grown films
because lower laser fluencies have been utilized during the deposition [6]. When the
annealing temperature is increased to 523 K, 573 K and 623 K, the surface
morphology is found to be rougher in comparison to the as-grown sample. This can
be attributed to diffusion of volatile Sb in the annealing process. However, further
study is necessary to investigate this phenomenon.

4.5 Electronic properties

Figure 4.3 Temperature dependence of the electrical resistivity of p-type
Bi 0.5 Sb 1.5 Te 3 thin films annealed at different temperatures.
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The temperature dependence of the resistivity for Bi 0.5 Sb 1.5 Te 3 thin films was
measured over the temperature range from 5 K to 300 K, as plotted in Figure 4.3. All
the samples exhibit an increase in resistivity when the temperature decreases from
300 K to 5 K. The resistivities of the films annealed at 523 K and 573 K are quasi
constant, ~5 mΩ·cm and ~6 mΩ·cm, respectively. As the annealing temperature rises
from 523 K to 623 K, the resistivity of thin films increases accordingly. The 473 K
film exhibits a metal-semiconductor transition at ~70 K.

The sample with an

annealing temperature of 673 K exhibits semiconductor behaviour.
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Figure 4.4 The field dependence of the transverse magnetoresistance measured from
5 K to 200 K for p-type Bi 0.5 Sb 1.5 Te 3 thin film on glass after annealing at (a) 473 K,
(b) 523 K, (c) 573 K and (d) 623 K. The electric current was applied perpendicular to
the magnetic field.

Positive magnetoresistance (MR) was observed in the Bi 0.5 Sb 1.5 Te 3 films
annealed at 473 K, 523 K, 573 K, and 623 K (Figure 4.4). We measured the magnetic
field dependence of the resistance over a wide range of temperature from 5 up to 200
K. Transverse magnetoresistance was measured in a magnetic field perpendicular to
the direction of current. The MR ratio is defined as [(ρ H -ρ 0 )/ρ 0 ] ×100%, where ρ H
and ρ 0 are the resistance with and without the magnetic field H, respectively. For all
109

the thin films, the MR ratio is found to be positive and symmetrical. The films
exhibit superlinear magnetic field dependence above 50 K. Sublinear magnetic field
dependence at 5 K is observed in the samples annealed at 473 K, 573 K, and 623 K.
Linear magnetoresistance was observed at 5 K in over decades of field in the 523 K
sample. The MR ratios increase with decreasing temperature. The largest MR ratio
values for the samples annealed at 473 K, 523 K, 573 K, and 623 K are 5.07%,
7.88%, 3.37%, and 10%, respectively, at 5 K. Bi 0.5 Sb 1.5 Te 3 is a compound with a
gapless band structure, which is significantly sensitive to external influences,
including thermal, magnetic, and electric fields. As been reported before, the Fermi
level in gapless compounds is believed to shift, penetrating into conduction/valence
bands in the presence of thermal influences [7-9]. As a result, large
magnetoresistance was observed in all the Bi 0.5 Sb 1.5 Te 3 thin films.

4.6 Conclusions

Bi 0.5 Sb 1.5 Te 3 thin films were deposited on amorphous glass substrate by the PLD
technique. The annealing process was proved to enhance the crystallinity and surface
morphology

of

the

films.

Thin

films

annealed

above

473

K

exhibit

semiconductor-like resistance at low temperature. The films were observed to have
large magnetoresistance, which is attributed to the gapless band structure of the
compound.
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Chapter 5 Fabrication and Physical Properties of n-type
Bi 2 Te 3 Thin Films on Other Substrates

5.1 Introduction

Bi 2 Te 3 -based compounds with high thermopower are well known for Peltier
cooling applications at room temperature. Those are hexagonal crystal structure with
Te(1)-Bi-Te(2)-Bi-Te(1) along the c axis. Recently, Venkatasubramanian et al.
reported that a higher ZT of 2.4 has been obtained for Bi 2 Te 3 /Sb 2 Te 3 superlattices at
300 K [1], mainly because of a simultaneous increase in the Seebeck coefficient and
a decrease in the lattice thermal conductivity [2-3]. In Chapter 3, I study about n-type
Bi 2 Te 3 thin films deposited on glass substrates at room temperature. The glass
substrates are completely amorphous phase and the Bi 2 Te 3 films grow with (015)
orientation have been obtained. Makala et al. reported that textured growth of
Bi 2 Te 3 -based thermoelectric thin films could be achieved on AlN/Si and mica
substrate [4].

In this chapter, the properties of Bi 2 Te 3 films on the following substrates have
been studied: flexible polyvinyl chloride (PVC), Si(111) and LaAlO 3 (100). PVC is a
soft and amorphous substrate, and both Si(111) and LaAlO 3 (100) possess a
hexagonal crystal structure that could be favourable for the Bi 2 Te 3 -based films with
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crystallization. The crystal structure, morphology, thermoelectric properties, and
electrical properties of the resultant films have been systematically investigated.

5.2 Experimental details

Bi 2 Te 3 thin films were deposited on PVC, Si(111) and LaAlO 3 (100) substrates
by using a PLD system. The Bi 2 Te 3 target was a Bi 2 Te 3 polycrystals which was
prepared by solid state reaction. The crystal was cut along the ab-plane, into a disk
28 mm in diameter and 10 mm in thickness. The target was then loaded onto a stage
that was rotated about the normal to the surface. The glass substrate was mounted in
the stainless-steel vacuum chamber. The deposition chamber was evacuated to 2 ×
10-2 Torr by a vacuum pump. Third harmonic generation of a Nd:yttrium aluminium
garnet laser with a wavelength of 355 nm and a repetition rate of 10 Hz was used as
the laser source. The laser beam was incident on the target at 45˚. The films were
deposited at room temperature for 10 min.

The thin films deposited on PVC substrate were annealed in a tube furnace at
373 K under Ar atmosphere for 1 hour. The thin films deposited on Si(111) substrate
were annealed in a tube furnace at different temperatures from 473 K up to 573 K
under Ar atmosphere for 1 hour.

Crystal structures of all samples were studied by X-ray diffraction (XRD,
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GBC-MMA) using Cu Kα radiation (λ = 1.54059
Å). The surface morpholog y and
thickness of the thin films were examined by scanning electron microscopy (SEM,
JSM-6460) and field emission scanning electron microscopy (FESEM, JSM-7500).
The electrical resistivity and magnetoresistance were examined on a 14 T physical
properties measurement system (14 T PPMS, Quantum Design) from 5 K to 650 K in
magnetic fields up to 13 T.

5.3 Crystal structures

5.3.1

As-grown Bi 2 Te 3

films deposited on glass, PVC, Si(111), and

LaAlO 3 (100).

Figure 5.1 XRD patterns of as-grown Bi 2 Te 3 films deposited on glass, PVC, Si(111),
and LaAlO 3 (100) at room temperature under Ar atmosphere.
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Figure 5.1 shows XRD patterns for as-grown Bi 2 Te 3 films that were deposited on
glass, PVC, Si(111), and LaAlO 3 (100). The results indicate that all the films
crystallized in single phase without any detectable impurities. The diffraction peaks
which could be attributed to the substrates are labelled using the star symbol. The
diffraction peaks can be indexed to a rhombohedral structure in space group
D35d ( R3m) according to JCPDS Card No. 15-0863. The sharp peak at 2θ = 28o

demonstrates that all the films grow along the (015) orientation. The XRD patterns
show that the structures of the films deposited on glass and PVC are similar, with the
(015) peak exhibiting the strongest intensity. Tiny peaks, such as (0111), (205), and
(0210), were also observed. The broad peaks in the XRD pattern of the film on the
Si(111) substrate demonstrate that the crystallization of this sample is not as good as
those on the glass and PVC substrates. The films on LaAlO 3 (100) substrates possess
good crystallization. It should be noted that the films show different degrees of
crystallization on the Si and LaAlO 3 (100) substrates, even though both substrates
have a hexagonal crystal structure (similar to the Bi 2 Te 3 crystal structure). However,
the lattice mismatch between Bi 2 Te 3 and Si is large, which results in poor film
crystallization on Si substrate.

115

5.3.2

Bi 2 Te 3 films deposited on PVC substrate

Figure 5.2 XRD patterns of Bi 2 Te 3 films deposited on PVC substrate before and after
annealing.

As discussed above, the as-grown Bi 2 Te 3 film has crystallized in single phase.
After the annealing process, the film still shows good crystallization, as shown in
Figure 5.2. The XRD pattern of the PVC substrate shows six peaks at 2θ < 26o, which
are contributed by the PVC substrate. The sharp peak at 2θ = 28o demonstrates that the
as-grown films grow along the (015) orientation. The diffraction peaks of Bi 2 Te 3 are
weaker in the post-annealing sample. However, the peaks from the substrate have
strong intensity. The Bi 2 Te 3 peaks are possibly weaker because the films diffuse into
the softened PVC substrate during the annealing process.
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5.4 SEM studies

Figure 5.3 SEM images of Bi 2 Te 3 thin films deposited on (a) PVC, (b) Si(111), (c)
LaAlO 3 (100).

Figure 5.3 shows the surface morphology of Bi 2 Te 3 thin films deposited on PVC,
Si(111), and LaAlO 3 (100) substrates. The surfaces of films on Si(111) and
LaAlO 3 (100) substrate are the same as the morphology of the film on glass. The
sample grown on PVC substrate shows a rough surface, possibly due to the flexible
crude polymer surface. Some sub-micron plate-like particles appear on the surface
with a dimension of about 4 μm. When the thin film deposited on PVC was annealed
at 373 K (Figure 5.4), the surface of the sample became smooth. We infer that the
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annealing process softens the PVC substrate. Also, we found that there were holes
with an approximate diameter of 100 nm on the surface of the film.

Figure 5.4 SEM images of Bi 2 Te 3 thin films deposited on PVC annealed at 373 K.

5.5 Physical properties

Figure 5.5 Temperature dependence of the electrical resistivity of as-grown n-type
Bi 2 Te 3 thin film on Si(111), glass, PVC, and LaAlO 3 (100) substrates.
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The influence of the different substrates on the electrical resistivity of
thermoelectric Bi 2 Te 3 thin films is shown in Figure 5.5. The resistivity of films on
LaAlO 3 (100), PVC, and glass substrates are quasi-constant at 0.7 mΩ·cm, 0.8 mΩ·cm,
and 1 mΩ·cm, respectively. The resistivity of the film on Si(111) substrate shows
semiconductor behaviour, and it is four times larger than the resistivity of the films on
other substrates.

Figure 5.6 Temperature dependence of the electrical resistivity for Bi 2 Te 3 thin films
on PVC substrate before and after annealing at 373 K.

Figure 5.6 shows the temperature dependence of the resistivity for Bi 2 Te 3 thin
film on PVC, measured in the temperature range from 5 K to 300 K. The thin film
exhibit higher resistivity after annealing at 373 K. Compared to the film annealed at
373 K, the as-grown sample exhibits stronger diffraction peaks in its XRD pattern.
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We believe that PVC substrates soften during the annealing process, which leads to
the diffusion of Bi 2 Te 3 into the substrate. As a result, the resistivity shown here is
likely to be contributed by both the film and the substrate.

From analysis of the XRD pattern, SEM images, and resistivity data of the thin
film annealed at 373 K, it is clear that the softening of the PVC substrate during the
annealing process causes significant degradation of the Bi 2 Te 3 film. Therefore,
application of flexible thermoelectric Bi 2 Te 3 films on PVC substrate should not
require temperatures above 373 K.

Figure 5.7 Temperature dependence of the electrical resistivity of n-type Bi 2 Te 3 thin
film on Si(111) substrate at different annealing temperature.
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Figure 5.7 shows the temperature dependence of the resistivity for Bi 2 Te 3 thin
films measured in the temperature range from 150 K to 390 K. As the annealing
temperature increases from room temperature to 523 K, the resistivity of the thin
films decreases gradually due to Bi diffusion. However, the film annealed at 573 K
shows the highest resistivity because the loss of volatile Te atoms leads to
non-stoichiometric BiTe (which has been discussed in Chapter 4). It was found that
the films before and after annealing at 523 K became more conductive as the
temperature increased. The films annealed at 473 K and 573 K exhibit a
metal-semiconductor transition (MST), with metallic conductivity above ~250 K and
semiconducting behaviour at temperatures below it.

Figure 5.8 The field dependence of the transverse magnetoresistance measured at
temperatures below 100 K for n-type Bi 2 Te 3 thin films on Si(111) substrate after
annealing at 573 K. The electric current was applied perpendicular to the magnetic
field.
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The field dependence of the transverse magnetoresistance was measured for
n-type Bi 2 Te 3 thin films on Si(111) substrate after annealing at 573 K, with the field
perpendicular to the direction of current in magnetic fields up to 13 T, as is shown in
Figure 5.8. The magnetoresistance ratio (which is defined as [(ρ H -ρ 0 )/ρ 0 ]×100%,
where ρ H and ρ 0 are the resistivity with and without the magnetic field H,
respectively) for samples annealed at 573 K is found to be 0.85% at 5 K. The
magnetoresistance ratio decreases when the temperature is increased from 5 K to 100
K.

Figure 5.9 Temperature dependence of the Seebeck coefficient of n-type Bi 2 Te 3 thin
films on Si(111) substrate before and after annealing at 623 K.

The Seebeck coefficients were measured over a wide temperature range from 312
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K up to 667 K for n-type Bi 2 Te 3 thin films before and after annealing at 623 K, as
shown in Figure 5.9. Values of the Seebeck coefficient were all negative, showing
that the majority carriers are electrons. Therefore, the films are expected to show
n-type behaviour. The as-grown sample shows a higher Seebeck coefficient. The
thermopower of the film annealed at 623 K increases from -50 μV/K to -133 μV/K
when the temperature increases from 312 K to 619 K. In comparison, the Seebeck
coefficient of the as-grown film increases in magnitude from -133 μV/K to -239
μV/K when the temperature increases from 312 K to 671 K. At 671 K, the Seebeck
coefficient for the as-grown film is almost double that of the thin film annealed at
623 K.

5.6 Conclusions

All the films crystallized in single phase with (015) orientation. The films on
Si(111) substrates possess a poor crystallization because the lattice mismatch
between Bi 2 Te 3 and Si is large. And a high crystallization film on LaAlO 3 (100)
substrate is obtained. The surface of films on Si(111) and LaAlO 3 (100) substrate are
the same as the morphology of the film on glass. The as-grown sample on PVC
substrate shows a rough surface possibly due to flexible crude polymer surface. The
resistivity of film on Si(111) substrate shows semiconductor behaviour, which is
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larger than that of the others. PVC substrates soften in annealing process (annealed
373 K) leads to the diffusion of Bi 2 Te 3 into substrate, lower density peak in XRD
patterns and higher resistivity. The magnetoresistance ratio decreases when the
temperature is increased from 5 K to 100 K for n-type Bi 2 Te 3 thin films on Si(111)
substrate after annealing at 573 K. The highest thermopower is -239 μV/K at 671 K
for the as-grown Bi 2 Te 3 thin film on Si(111) substrate.
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Chapter 6 Conclusions

In this thesis, thin films of two typical thermoelectric compounds, Bi 2 Te 3 and
Bi 0.5 Sb 1.5 Te 3 , are deposited by PLD technique, in order to explore the optimized
deposition conditions as well as to improve their thermoelectric property. The
systematically characterizations promise that the results in this thesis offer a pathway
to modify quality and performance of the films. The annealing effects on the crystal
structures, electronic properties and thermal properties of Bi 2 Te 3 and Bi 0.5 Sb 1.5 Te 3
thin films are proven having great impact on these films.

Bi 2 Te 3 thin films were grown on amorphous glass substrates with highly (015)
orientation. The annealing process was proved to enhance the crystallinity and
surface morphology of the films. The resistivity of the thin films is lower compared
to that of Bi 2 Te 3 single crystals. Linear magnetoresistance was observed in the high
field for n-type Bi 2 Te 3 thin film on glass after annealing at 574 K and 623 K. The
thermopower of the 623 K annealed film is 2.5 times higher than that of the as-grown
film at room temperature.

Bi 0.5 Sb 1.5 Te 3 thin films were deposited on amorphous glass substrate by the PLD
technique. The as-grown sample is amorphous phase, and crystallizes at annealing
temperature of 473 K. A semiconductor-like resistance was observed at low
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temperature in the films annealed above 473 K. The 523 K annealed film was
observed to have linear magnetoresistance at 5 K.

Bi 2 Te 3 thin films were grown on PVC, Si(111) and LaAlO 3 (100) substrates by
the PLD method. All the films are single phase with (015) orientation. The large
lattice mismatch between Bi 2 Te 3 and Si lead to a poor crystallization films on Si(111)
substrates. And the film on LaAlO 3 (100) substrate shows a high crystallization. A
rough surface was observed on the as-grown sample on PVC substrate. The
resistivity of film on Si(111) substrate shows semiconductor behaviour, which is
larger than that of the others.
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